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ABSTRACT

This research proposes a new hybrid cooling scheme for high-flux thermal

management of electronic and power devices. This scheme combines the cooling

benefits of micro-channel flow and micro-jet impingement with those of indirect

refrigeration cooling. Experiments were performed to assess single-phase cooling

performance using HFE 7100 as a working fluid. Excellent numerical predictions of this

performance was achieved using the standard k-E model. The proposed cooling scheme

is shown to involve complex interactions of impinging jets with micro-channel flow.

Increasing jet velocity allows jets to penetrate the micro-channel flow toward the surface,

especially in shallow micro-channels, greatly decreasing wall temperature. In addition to

the numerical predictions, a superpositioning technique is introduced that partitions the

heat transfer surface into zones that are each dominated by a different heat transfer

mechanism, and assigning a different heat transfer coefficient value to each zone. This

study also examined the two-phase cooling performance of the hybrid cooling scheme.

Vapor layer development along the micro-channel is shown to be fundamentally different

from that encountered in conventional micro-channels. In the hybrid scheme, subcooled

jet fluid produces repeated regions of bubble growth followed by collapse, rather than the

continuous growth common to conventional micro-channel flow. By reducing void

fraction along the micro-channel, the hybrid scheme contributes greater wall temperature

uniformity. Increasing subcooling and/or flow rate delay the onset of boiling to higher

heat fluxes and higher wall temperatures, but also increase critical heat flux considerably.

By dividing the test surface into a portion that is dominated by jet impingement and

another by micro-channel flow, and applying the appropriate CHF correlation for each

portion, the CHF data for this hybrid cooling configuration is predicted with a mean

absolute error of 15.2%. This study also explores the single-phase and two-phase cooling
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performance of a hybrid cooling module in which a series of micro-jets deposit coolant

into each channel of a micro-channel heat sink. This creates symmetrical flow in each

micro-channel, and the coolant is expelled through both ends of the micro-channel.

Three micro-jet patterns are examined, decreasing-jet-size (relative to center of channel),

equal-jet-size and increasing-jet-size.
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CHAPTER 1. INTRODUCTION

1.1. Selection of Cooling Geometry and Single-Phase Heat Transfer Characteristics

Spurred by micro-miniaturization of electronic components and greatly increased

component and circuit density in electronic and power devices, heat dissipation has

become a primary concern in the design of such devices. High performance cooling

schemes are therefore becoming increasingly important to the development of these

devices.

To combat these cooling challenges, a myriad of liquid cooling schemes have

been developed and tested, mostly since the early 1980s. Of those, jet impingement and

micro-channel heat sinks have emerged as the two most powerful thermal solutions for

such next generation devices as microprocessors, laser diodes, radars and x-ray anodes

(Mudawar, 2001).

Jet impingement cooling has been investigated both experimentally (Martin,

1977; Jiji and Dagan, 1987; Wadsworth and Mudawar, 1990; Estes and Mudawar, 1995)

and numerically (Craft et al., 1993; Park et al., 2003; Baydar and Ozmen, 2005). These

studies demonstrated the effectiveness of jet impingement at maintaining very low

thermal resistances, especially in the jet's stagnation zone. A key drawback in using a

single jet to cool the surface of an electronic device is large variation of surface

temperature caused by a sharp reduction in the heat transfer coefficient away from the

stagnation zone. Multiple jets are often used to attenuate those variations by creating

multiple, closely spaced stagnation zones. Here too, problems arise due to flow blockage

between closely spaced jets especially for jets that are situated towards the center of the

device surface. Blockage for the central jets can also greatly complicate coolant

distribution and exit of the spent fluid (Jiji and Dagan, 1987). Clearly, better means are

Boiling and Two-Phase Flow Laboratory



2

needed to capitalize upon the merits of multiple jet impingement while facilitating a more

advantageous flow distribution inside of, and exit from, a cooling module.

Micro-channel heat sinks have been studied quite extensively for chip cooling

applications. In an early highly cited study, Tuckerman and Pease (1981) demonstrated

heat removal rates up to 790 W/cm 2 using water as working fluid. A key advantage of

micro-channel heat sinks is their ability to achieve high heat transfer coefficients using

coolant flow rates that are far smaller than those required with jet impingement.

However, this advantage is realized with a very large temperature rise along the direction

of fluid flow as well as large pressure drop, both of which are very undesirable in

electronics cooling. In addition to experimental work, several numerical studies have

been published on the fluid flow and heat transfer characteristics of micro-channel heat

sinks (Kim and Kim, 1999; Fedorov and Viskanta, 2000; Qu and Mudawar, 2002). Qu

and Mudawar (2002) demonstrated that the conventional Navier-Stokes and energy

equations provide accurate prediction of a heat sink's heat transfer characteristics.

Clearly, both jet-impingement and micro-channel heat sinks can dissipate the high

heat fluxes anticipated in future high performance devices. However, as explained

above, both have drawbacks. In a previous study, the author of the present study

proposed an effective means for capitalizing upon the merits of cooling schemes while

alleviating some of their shortcomings (Sung and Mudawar, 2006). They showed how a

"hybrid" cooling scheme consisting of a single slot jet that fed fluid into micro-channels

can meet the challenges of future high performance electronic devices by facilitating the

dissipation of high heat fluxes while also maintaining uniformity in the device surface

temperature.

Regardless of which cooling scheme is used, dissipating very large heat fluxes

can lead to unacceptably high device temperatures. All electronic devices have upper

temperature limits that are dictated by material and performance constraints. One

effective means for maintaining the device temperature below this limit during high-flux

heat dissipation is to greatly decrease the coolant temperature. One example of a

successful low temperature cooling system is the Kleemenko cooler, which provides 80

W of refrigeration for device cooling at -96 °C (Little, 2000). Aside from thermal
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benefits, low temperatures provide significant enhancement in device functionality and

reliability. Naeemi and Meindl (2004) demonstrated 4.3 times higher CMOS chip

performance at -100°C than at 85°C. Schmidt and Notohardjono (2002) showed low

temperature cooling offers orders of magnitude improvement in reliability. Overall, low

temperatures facilitate faster switching times of semiconductor devices, increase circuit

speed (due to lower electrical resistance of interconnecting materials), reduce thermally

induced failures, and improve device performance by decreasing current leakage.

Refrigeration cooling can be implemented in one of two configurations, direct-

refrigeration cooling and indirect-refrigeration cooling. Direct refrigeration involves

inserting the cooling module as an evaporator in a vapor compression cycle, and using

the refrigerant as coolant for the electronic device. Indirect-refrigeration cooling involves

using a separate cooling loop in which a liquid coolant is used to remove the dissipated

heat, which is rejected a separate vapor compression cycle. While the direct-refrigeration

system is simpler and more compact, the indirect-refrigeration system provides greater

flexibility in coolant selection, as well as allows the use of a non-pressurized cooling

module.

1.2. Effect of Circular-Jet Patterns on Single-Phase Heat Transfer Characteristics

With the hybrid cooling scheme, the coolant is introduced gradually as a series of

jets into each micro-channel of a micro-channel heat sink, and is expelled symmetrically

through both ends of the micro-channel. Unlike conventional micro-channels, where the

temperatures of both the coolant and the device to which the micro-channel heat sink is

attached increase along the direction of fluid flow, the hybrid scheme supplies low

temperature coolant at various locations along the micro-channel. This helps enhance

temperature uniformity of both coolant and device. Another benefit of the hybrid scheme

is a reduction in pressure drop compared to conventional micro-channel heat sinks. The

hybrid cooling scheme is also superior to multi-jet-impingement modules in its ability to

better manage the flow of spent coolant, prevent flow instabilities, and reduce flow

blockage. In the examination of the effect of the jet pattern configurations, three different
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jet patterns are compared. The first, decreasing-jet-size pattern, consists of jets that

decrease in size symmetrically from the center of the micro-channel towards the two

ends. The second, equal-jet-size pattern, consists of jets of equal size uniformly

distributed along the micro-channel, like those used in the authors' earlier studies. The

third, increasing-jet-size pattern, consists of jets that increase in size from the center of

the micro-channel towards the two ends. The same total flow area of all jets is used for

each jet pattern.

1.3. Two-Phase Heat Transfer Characteristics

Phase change greatly enhances the cooling performance of both micro-channel

flow and jet impingement. This enhancement is of paramount importance for

applications requiring the removal of large amounts of heat from very small device

surface areas. With single-phase liquid cooling, increasing heat flux produces a

proportional increase in device-to-fluid temperature difference. On the other hand, phase

change produces only a mild increase in temperature difference corresponding to large

increases in heat flux. This attractive cooling performance is realized within the nucleate

boiling regime as long as the device heat flux is safely below critical heat flux (CHF).

Bowers and Mudawar (1994) provided the earliest framework for designing and

modeling micro-channel heat sinks. Since their study, many other studies were

published, which examined various performance and modeling aspects of two-phase

micro-channel cooling. Qu and Mudawar (2003) conducted an experimental study of

two-phase micro-channel heat sinks. The two types of hydrodynamic instabilities, severe

pressure oscillation and mild parallel channel instability, were classified from the

observations of the two-phase flow patterns inside the micro-channels. Lee and

Mudawar (2005) carried out a two-phase experiment of the micro-channel heat sinks of

R134a for refrigeration cooling applications. In their experimental study, the parallel

channel instability could be reduced by increasing the amount of throttling upstream and

a heat flux.

Researchers have also investigated two-phase boiling heat transfer characteristics

of impinging jets. Wadsworth and Mudawar (1990) conducted single-phase and two-
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phase experiments of a confined slot jet impingement of subcooled FC 72 on a 12.7 mm

x 12.7 mm heat source. The use of multiple jets enhanced cooling uniformity by creating

several impingement zones. However, multiple jets promoted flow blockage between the

jets and complicate fluid distribution downstream from the impinging zone. Wolf et al.

(1996) presented two-phase heat transfer characteristics of a free slot jet impingement

with inlet velocity of 2 to 5 m/s. They indicated the two-phase heat transfer coefficient

was independent of jet velocities in fully developed boiling regime. Yang et al. (2001)

showed bubble growth on the surface was affected by high subcooling due to the vapor

condensation by experimental study with a free circular jet. Tay et al. (2002) indicated

the non-uniform temperature distribution at jet impingement might cause additional

thermal stress on the chip package.

1.4. Critical Heat Flux

Convective cooling with phase change is especially attractive for high

performance devices because of the enormous heat transfer coefficients that can be

realized. For a given coolant temperature, such high convection coefficients facilitate the

removal of large heat fluxes while maintaining relatively small device surface

temperatures. Another important advantage of phase change stems from the strong

dependence of the heat transfer coefficient on heat flux. Large increases in the

magnitude of the heat transfer coefficient with increasing heat flux implies the device

will incur only modest temperature increases corresponding to fairly substantial increases

in power dissipation. Minimizing the fluctuations in device temperature is paramount to

both the reliability and the structural integrity of an electronic package.

However, phase change systems are not without drawbacks. They are typically

more difficult to implement and more expensive than their single-phase counterparts.

This is why they are favored only in situations where single-phase systems are deemed

incapable of meeting the cooling requirements of a given device or system. Furthermore,

the aforementioned advantages of convective phase change cooling are realized only

within the nucleate boiling regime. This regime is maintained only as long as the coolant
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can adequately replenish the surface region where the liquid is rapidly converted to

vapor. Intense vapor effusion ultimately begins to restrict liquid access to this region,

triggering appreciable deterioration in the cooling effectiveness. This process reaches its

most dangerous state at the critical heat flux (CHF), where the bulk liquid is no longer

able to replenish the surface region. Should the device heat flux exceed this limit, most

of the heat dissipated in the device will be trapped in the device itself, causing a sudden

unsteady escalation in the device temperature, which can lead to catastrophic failure. The

ability to both predict and prevent CHF is therefore of paramount importance to the

safety and integrity of any two-phase electronic cooling system.

Flow-boiling CHF can be classified as either saturated or subcooled, depending

upon the bulk fluid temperature at the outlet (Qu and Mudawar, 2002). Saturated CHF is

generally encountered with small flow rates, low inlet subcoolings and large length-to-

diameter ratios; conditions where a significant fraction of the liquid flow is converted

into a continuous vapor core. The remaining liquid is divided between a thin film that

persists upon the heated wall and droplets that are entrained in the vapor core. Under

these conditions, CHF takes the form of dryout of the liquid film. Micro-channel flows

are especially prone to this type of CHF since they are used in applications demanding

low flow rates and large length-to-diameter ratios (Qu and Mudawar, 2002).

Subcooled CHF is generally associated with high flow rates, small length-to-

diameter ratios and high inlet subcoolings. Here, the bulk fluid maintains a

predominantly liquid state at the outlet with a relatively small mass of vapor confined to

the heated wall. Subcooling plays a vital role in all stages of the vaporization process.

Subcooled liquid can absorb an appreciable fraction of the heat supplied at the wall

before it is converted to vapor. This is why subcooled CHF can be far greater than

saturated CHF for the same flow rate (Collier and Thome, 1994).

Decades of research have culminated in several useful correlations for CHF in

both jet impingement and mini/micro-channel flows. Most of these correlations are

based on Katto's formulation for saturated flow boiling CHF, which provides a generic

dimensionless form adaptable to different flow configurations, coolants, flow rates, and

pressures (Katto, 1983).
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a h f Pg PfU2d(pf -p)d g pfUdj (1. 1)
U P f ' , P f u2 Pf Pf IJ

where U and d are the characteristic velocity and characteristic length associated with the

two-phase system. Additional dimensionless geometrical terms are also incorporated

where the system involves more than one characteristic length. Observing a negligible

dependence of experimental CHF data on viscosity or gravity, Katto suggested

simplifying Eq. (1.1) to the following form:

q,,,,s,a/pghl,g f P P9 . (1.2)

What is lacking in Eq. (1.2) is the strong dependence of CHF on subcooling. Mudawar et

al. (1987) and Mudawar and Maddox (1989) modified an earlier theoretical CH model

that was developed by Haramura and Katto (1983) for both pool boiling and flow boiling.

The modified model incorporated the effects of subcooling on both the hydrodynamic

instability between the liquid and vapor phases, and the energy required to vaporize the

near-wall liquid just prior to CI-F. They showed the ratio of subcooled to saturated C-IF

can be expressed as

q + l[+C",b P+ C P'f ATsb] (1.3)
q in,sal h gP hfg I

where C,b, m, and n are empirical constants.

As discussed below, two flow configurations that are important to the present

study are slot jets and micro-channel flow. Following is a brief discussion of CHF

findings concerning these specific flows.

The vast majority of jet impingement studies concern single and multiple free

circular jets. In one of the most comprehensive studies, Monde (1987) identified

different CHF regimes (V-, L-, I- and HP-regimes) for circular jets corresponding to

different flow rates and different pressures. Monde and Mitsutake (1996) extended these

findings to multiple circular jets. Johns and Mudawar (1996) showed the nozzle-to-

surface distance has a negligible effect on CHF.
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Mudawar and Wadsworth (1991) developed a module that provided uniform

cooling to a 3 x 3 array of heat sources, each cooled by a confined rectangular jet of FC-

72. They developed a correlation for CHF independent of nozzle-to-surface distance and

which showed CHF is proportional to Uf7 . A key practical finding from their study is

that CHF is a far stronger function of jet velocity than flow rate. In other words, CHF

can be increased for a fixed flow rate simply by decreasing the jet width. Recently,

Meyer et aL. (1996) extended these findings to a heat source that is cooled by multiple

slot jets.

Far fewer CHF studies are available for micro-channel heat sinks. Qu and

Mudawar (2002) recently examined CHF for a heat sink containing parallel rectangular

micro-channels. They showed the interaction between micro-channels is responsible for

drastic differences in CHF compared to a single micro-channel.

1.5. Objectives of Present Study

A new hybrid cooling scheme is discussed that ensures excellent heat removal

capability while maintaining fairly uniform surface temperature. This scheme involves

feeding coolant from a series of circular micro-jets or slot jets to each micro-channel in a

modified micro-channel heat sink module. Numerical simulation is first used to select

key geometrical parameters, and the selected geometry is then examined experimentally.

A super-positioning technique is used to develop a single-phase heat transfer correlation

for this new cooling scheme.

The single-phase heat transfer characteristics and the flow field of the hybrid

scheme are explored both numerically and experimentally. The laminar zone thickness

of jet flow on the surface was calculated and imposed into the commercial FLUENT code

(2005) to capture the heat transfer characteristics induced by strong jet interactions. The

accuracy of the numerical results with laminar zones was first assessed against

experimental data for HFE 7100. The single-phase heat transfer characteristics of micro-

circular-jet configuration are then discussed at two different flow rates. An experimental

investigation of the two-phase heat transfer characteristics is also conducted, and a new

Boiling and Two-Phase Flow Laboratory



9

empirical two-phase heat transfer correlation is developed for accurate predictions in the

hybrid scheme.

The objective in examining these three configurations is to explore any potential

cooling benefits that may be realized as a result of modulating the relative contributions

of jet impingement and micro-channel flow in various regions of the micro-channel. To

further enhance cooling performance, the three jet patterns are tested in an indirect-

refrigeration cooling system. Two ultimate cooling objectives are to achieve, for a given

flow rate, the highest possible heat transfer coefficient (i.e., lowest wall temperature) and

lowest wall temperature gradients. Numerical simulation is used to predict both the

complex micro-jet/micro-jet flow interactions and wall temperature distribution. Also

presented is a simple, yet very effective scheme for correlating single-phase heat transfer

coefficient data. The performances of the three patterns are compared relative to the

magnitude of two-phase heat-transfer coefficient, average surface temperature, pressure

drop and CHF.

This study also explores the parametric trends of CHF for a new hybrid cooling

scheme whose single-phase cooling performance was recently examined by the authors

(2006). This scheme capitalizes upon the merits of both jet impingement and micro-

channel flow. An area-averaged CHF correlation is constructed by applying CHF

correlations for the portions of the heated surface that are influenced by jet impingement

and channel flow.
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CHAPTER 2. EXPERIMENTAL METHODS

2.1. Flow Loop

Figure 2.1 shows the flow loop that was configured to supply 3M Novec liquid

HFE 7100 to a test module that housed the hybrid cooling configuration. This dielectric

liquid was supplied from a reservoir with the aid of a centrifugal pump. The liquid first

passed through a heat exchanger, where its temperature was greatly reduced by sensible

heat exchange to refrigerant in a two-stage cascade chiller. The mass flow rate of HFE

7100 was measured by a Coriolis flow meter before the liquid entered the test module.

The coolant flow was throttled using two control valves, one located upstream and the

second downstream of the test module. The downstream valve also set the desired test

module outlet pressure. After exiting the test module, the liquid returned to the reservoir

to complete a full flow cycle.

2.2. Test Module

Figure 2.2 illustrates the layered construction and assembly of the test module.

The micro-channels were machined into the top surface of a copper heating block. The

test module also included a micro-jet plate, an upper plenum plate, a lower support plate,

and 16 cartridge heaters. Figure 2.3 shows further details and key dimensions of the

heating block. This block was tapered in two steps to improve temperature uniformity

along its topl.0 x 2.0 cm 2 test surface. Machined into its top surface were five 1 mm

wide and 3 mm deep slots. Six copper-constantan (type-T) thermocouples were inserted

below the test surface to monitor its temperature. Sixteen holes were drilled into the
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large underside of the heating block to accommodate the cartridge heaters. These heaters

were connected in a combined series/parallel circuit and powered by a single 0-110 VAC

variac. Total power dissipation from the cartridge heaters was measured by a Yokogawa

WT 210 wattmeter. The top plenum plate and lower support plate of the test module

were fabricated from high temperature fiberglass plastic (G-11). Blanket insulation

around the circumference, and solid ceramic insulation at the bottom of the copper block

helped minimize heat loss to the ambient. RTV silicone rubber was applied along the

interface between the heating block and lower support plate to prevent liquid leakage.

O-rings were used to prevent liquid leakage between the jet plate and the upper

plenum plate and lower support plate. An absolute pressure transducer and a type-T

thermocouple were connected to the inlet plenum in the top plenum plate. Another

absolute pressure transducer and a second type-T thermocouple were connected to the

outlet plenums in the lower support plate. Four stainless steel pins were used to align the

cover plate with the housing to ensure accurate placement of the jets relative to the

micro-channels.

2.2.1. Micro-Jet Plates

The micro-jet plates were fabricated from oxygen-free copper. Five parallel

arrays of fourteen 0.39 mm diameter circular holes were drilled equidistantly within the 1

cm width facing the five micro-channels in the circular-jet plate. The slot-jet plate, which

is also fabricated from oxygen-free copper, has five parallel 0.6 mm wide by 1.65 mm

deep and 2.94 mm long slots machined equidistantly, facing the micro-channels of the

heating block. For the jet pattern configurations, three different micro-jet patterns are

examined; each pattern is formed in a separate micro-jet plate. In the first micro-jet plate,

jets decrease in size along each side of the micro-channel. The second plate has equally-

sized jets, and, in the third plate, jets increase in size along each side of the micro-

channel. In each plate, five parallel arrays of circular holes are drilled within the 1-cm

width facing the five micro-channels. It is important to emphasize that the sum of flow
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areas of all jets is the same for all three micro-jet plates. The micro-jet plates are

fabricated from oxygen-free copper.

2.3. Operating Procedure and Measurements

Once the required operating conditions were achieved, electric power was

supplied to the test module's cartridge heaters in small increments up to CHF. Key

parameters were measured after steady state was achieved following each power

increment. These include module inlet pressure, Pi,, outlet pressure, Po,,, inlet

temperature, Ti,, outlet temperature, T,,,,, heating block thermocouple temperatures, and

heater power input, Pw. The total volumetric flow rate was determined from the

measured mass flow rated, th, and coolant density, p,f,

fi
Q- . (2.1)

Pj

The effective heat flux, q.., from the top test surface of the copper heating block

was determined by dividing the total electrical power input, Pw, by the test surface area,

A, = 10 x 20 mm2. Thus,

qef At (2.2)
A,

The heat transfer coefficient was calculated from

h qeff (2.3)

where T is the mean temperature of the test surface.

Special attention was given to minimizing heat loss from the copper block. A 3-D

numerical model of the entire test module yielded a heat loss to the ambient of less than

4% of the electrical power input during the two-phase region. The heat fluxes reported in

the present paper are therefore based on the measured electrical power input.
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Measurement uncertainties associated with the pressure transducers, flow meter,

wattmeter, and thermocouples are 0.5%, 0.1%, 0.5%, and 0.3°C, respectively. Table 2.1

summarizes the operating conditions of the study.

Table 2.1 Experimental operating conditions.

Inlet temperature Jet velocity Outlet Pressure Effective heat fluxWorking fluid2
Til (0C) Uet (m/s) Poll, (bar) q "ff(W/cm 2)

HFE 7100 - 40 to 20 0.48 to 7.35 1.31 to 1.67 16.06 to 1,127.00
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CHAPTER 3. NUMERICAL METHODS

3.1. Standard k-E Model

Figures 3.1 and 3.2 show unit cells that were used in the numerical simulation for

circular jets and slot jets, respectively. Each unit cell consists of one of the five micro-

channels along with the associated array of circular micro-jets or slot micro-jets and

surrounding solid. Key dimensions of the unit cells are given in Table 3.1 and Table 3.2.

The unit cell figures show both top and side cross-sectional views of the unit cell and

corresponding coordinate system and key notations. Because of symmetry, a

computational domain consisting of only one quarter of the unit cell is required.

Table 3.1 Dimensions of unit cell for circular jets.

L (mm) L, (mm) L2 (mm) L3 (mm) L4 (mm) W (mm) WCh (mm) Ww (mm)

20.00 4.00 6.00 3.00 6.00 1.83 1.00 0.42

H (mm) j, (mm) Hh (mm) Hw (mm) H,h (mm) Diej,, (mm) Dji, 2 (mm) Die, 3 (mm)

14.27 1.65 3.00 7.62 5.08 0.60 0.45 0.30

Die,4 (mm) Lj,,i (MM) Lj,,2 (mm) Lj,,3 (mm) Lje,4 (mm) Lj,5 (mm)

0.39 1.84 1.62 1.44 1.23 1.43

Flow profiles and heat transfer characteristics of the computational domain were

predicted using FLUENT 6.2.16 (2005), which is based on the finite volume method

Boiling and Two-Phase Flow Laboratory



18

x

DW3

-7t
lo1 ~ ,I

-ThermocoupleI

Decreasing Jet Size

I

HW, 2

ir -I I Th rm copl

Thermocle
H 0 Hl Equal Jet Size

Hth DWtT

-, .a I I D1W

t t 41-W13 DW

Heat Flux from
Cartridge Heaters

2 >

(b)

Figure 3.1 Schematic of unit cell illustrating (a) overall dimensions and thermocouple
locations and (b) jet pattens consisting of single row of circular micro-jets and single

micro-channel.

Boiling and Two-Phase Flow Laboratory



19

w
Ax

-- ermocouple

I -

I !

I L

W I h . .. .. .. ..

o4 I " -, -Y

__ _I I

z

HWW

IF..,, Thermocouple
H y0 Hole

HwHI

Heat Flux from
Cartridge Heaters

Figure 3.2 Schematic of unit cell consisting of single slot jet and single micro-channel.

Boiling and Two-Phase Flow Laboratory



20

(FVM). The geometry and meshes for the computational domain were generated using

Gambit 2.2.30 (2006). The standard two-equation k-e turbulent model (Launder and

Spalding, 1974) was used for the closure of the Reynolds stress tensor.

Table 3.2 Key dimensions of unit cell for slot jets.

L (mm) LI (mm) L2 (mm) L3 (mm) L 4 (mm) Lie, (mm) W (mm) Wjet (mm)

20.00 4.00 6.00 3.00 6.00 2.94 1.83 0.60

Wch (mM) Ww (mm) H (mm) Hjet (mm) Hh (mM) Hw (mm) Hth (mm)

1.00 0.42 14.27 1.65 3.00 7.62 5.08

Solid-liquid interfaces are governed by continuities of both temperature and heat flux,

TI,r T,r, (3.1)

and -k -- =-kf . (3.2)

Conservation equations are expressed in the Cartesian tensor notation for steady,

turbulent and incompressible flow with constant properties as follows.

For the fluid region:

dU, = 0, (3.3)ax,

.au, +aP (tif )U , (3.4)
J x i d X x j d X Jx

and pf cp.f Uj dT kf +, (3.5)
dx ax i Pr, aX1)
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where Cp(3.6)
E

pf Ui = ki + + G - pf E, (3.7)

and d~ d8 (E ELd2

and PU -=-i ki + - +CIG_ C2p. _n . (3.8)
dx idX C d 2 x k

The production of turbulent energy is defined as G =-ui ui dUi1lx 1 . The following

values are used for the coefficients in the above equations: C, = 0.09, C1 = 1.44, C2 =

1.92, ck = 1.0, cr = 1.3, and Pr, = 0.85.

For the solid region:

Ui =0, (3.9)

and d2iksT =0. (3.10)and Odx d x )

Heat transfer in the unit cell is a conjugate one combining conduction and convection

effects. The boundary conditions were specified as follows:

u = 0, v = 0, w = -Uje,, and T= Ti,, for the jet inlet (3.11)

dV Ow dT
th=rh -=0, - =0, and - =0, for the channel outlet. (3.12)

dx dx dx

For the solid regions, a constant heat flux was applied along the copper bottom boundary

of the unit cell:

dT (3.13)
-k, d= q',ff,dz

where q" was determined from measured electrical power input as

q" PW (3.14)
At
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A zero heat flux condition was applied to all solid thermal boundaries except the

interfaces between fluid and copper. The SIMPLE (Semi-Implicit Method for Pressure-

Linked Equations) algorithm by Patankar (1980) was used to couple velocities and

pressure. A total of 593,460 mesh cells was used in the selection of geometry numerical

simulation. Three different mesh sizes were tested using 195,720, 414,656 and 693,500

elements for circular jets. To examine the effects of mesh size for slot jets, 84,000,

288,000 and 517,500 mesh elements were also tested. The middle mesh size was used

because temperature differences were less than of the finer mesh. The middle mesh sizes

of both jet schemes were employed in single-phase heat transfer characteristic study

because temperature differences between the two finer mesh sizes in circular jets and slot

jets were less than 2.27% and 3.2%, respectively.

3.2. Determination of Extent of Laminar Zone

Two concerns in implementation of the numerical methods described in this study

are (1) the suitability of the standard k-E model to the present flow configuration, which

involves complex interaction of jets with parallel channel flow, and (2) determination of

the radial extent from the jet's stagnation point where the turbulent zone commences. To

determine the upstream radial location of the turbulent zone, laminar flow is imposed on

the computational domain from the jet inlet to the stagnation zone, and a portion of the

wall jet surrounding the stagnation zone. The computational domain in FLUENT is

therefore divided into two sub-zones, a laminar zone and a turbulent zone.

Determining the extent of the laminar zone away from the stagnation zone based

on first principles is quite elusive. However, lot of insight may be gained from a related

flow configuration involving a free circular impinging liquid jet. For a circular free jet,

Fig. 3.3 shows the flow field along a heated surface can be classified into four regions: a

stagnation zone, a boundary layer region, a similarity or fully viscous region and a

turbulent region. Within the stagnation zone, the circular jet flow decelerates normal to

the surface but accelerates radially, and the flow is laminarized flow by a strong radial

pressure gradient (Incropera, 1999). Watson (1964) used inviscid theory to determine
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thickness h of the wall jet on the surface in the stagnation zone. For inviscid Bernoulli

flow, mass conservation yields

4 De' Uje, = 2jr r h Uje, (3.16)4

which can be simplified into

h PL +{ I f 4 ;r26 for rS<r<r6, (3.17)h=8r 3 F-3

where

62 = .Vr3 r and c=1.402. (3.18)
;r - c /_ Dje Re jet

In the fully viscous region, hydrodynamic boundary layer thickness is the same as the

thickness of liquid wall layer, d = h. Here, viscous effects extend across the entire liquid

film, and the mean liquid velocity decreases r. Watson (1964) derived the following

relation for liquid layer thickness in this region based on the velocity similarity profile

with a Jacobi elliptic function as follows:

h = 8., ( r 3 + / 3  for r, <r<r,, (3.19)
3-C3 Dje Re je, r

where

=-0.3296Dje, Rel13 (3.20)

The radius between the developing boundary layer region and fully viscous region is

given as

rb =0.1834Dje, Re 3 (3.21)

Returning to the present hybrid cooling configurations, it must be noted, for the

minimum jet velocity tested of Uje, = 2.68 m/s, the distance Lji, between jets feeding

liquid into a single micro-channel is shorter than the radius, rb, where the fully viscous

region begins. This means only the stagnation and boundary layer regions of the wall
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liquid layer are of importance there. Therefore, the laminar flow was imposed on the

flow domain between the jet inlet and stagnation zone, as well as up to height h(r) from

the wall as given by Eqs. (3.17) and (3.16). Turbulence was permitted everywhere else in

the computational domain.

For examining the effects of jet patterns on single-phase heat transfer, the

computational domain in FLUENT is therefore divided into two sub-zones, a laminar

zone and a turbulent zone. For each jet pattern, the laminar thickness for each jet size is

determined and the smallest laminar zone height is used for all jets.
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CHAPTER 4. SINGLE-PHASE NUMERICAL RESULTS

4.1. Effects of Micro-Channel Geometry

As discussed earlier, high temperatures and large spatial temperature gradients are

two key obstacles to the implementation of many seemingly effective high-flux cooling

schemes (Mudawar, 2001). In this study, the effects of liquid inlet velocity and cooling

geometry on both maximum surface temperature and spatial temperature variations were

investigated for different values of jet velocity in pursuit of optimal geometry.

4.1.1. Circular Jets

Referring to Fig. 3.1, the performance of the hybrid configuration was examined

by varying two key geometrical parameters: micro-channel width (Wh) and micro-

channel height (H,h). The performance predictions were repeated for three jet velocities,

1, 5 and 10 m/s for an inlet HFE 7100 liquid temperature of 0 'C and a heat flux of q"eff

300 W/cm 2. Both the diameter and pitch of the circular jets were held constant in this

parametric study. Geometrical parameters used in the circular jet optimization are

summarized in Table 4.1.

Table 4.1 Dimensions tested in numerical parametric study for circular jets.

H,h (mm) Wch (mm) Dje, (mm) Ujel (m]s)

1.00, 3.00, 6.00 1.00, 1.40 0.39 1, 5, 10

Boiling and Two-Phase Flow Laboratory



27

290
- Hch= mm q Iff = 300 W/cm 2

'.... H=3mmch=-(,,) WCh = 1 MM
0 H =6mm
0 270

CL 250

I-

Ulet' nVs]HFE 710023 I I . 1o

0 2 4 6 8 10
(a) x [mm]

13 0 1 , I I .' I . I . , 

Hch = 1 mm q".l = 300 W/cm2

SHch = 3 mm W =mm
0"- H =6mm

E 120

100 1 , , I, , I . I

4 6 10

(b) x [mm]
108 I I . I ' . I I . I -

I Hch = 1 mm q"off = 300 W/CM 2

)Hch = 3 mm

HCh = 6 mm q"h = M

, 92

76

U, =1 0nVs HFE7100

60 1 I

0 2 4 6 8 10
(c) x [mm]

Figure 4.1 Numerical predictions of the effects of micro-channel height on surface
temperature for jet velocities of (a) Ujet= I m/s, (b) Ujt= 5 m/s, and (c) Ujet= 10 rn/s.
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(a)

(b)

Figure 4.2 Streamline plots for H,.h = 1 mm, Wh = 1 mm and jet velocities of (a) U,, =I

m/s and (b) Ujt = 5 m1s.
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Figure 4.1 shows the parametric effects of micro-channel height for a fixed width

of Wch = 1 mm and three jet velocities. Notice the large overall decrease in surface

temperature as jet velocity is increased from Ujet = I to 10 m/s caused by the large

dependence of the convective heat transfer coefficient on jet velocity. For Uj, = 5 and 10

m/s, Fig. 4.1 shows an advantageous decrease in the maximum surface temperature with

decreasing channel height. By reducing channel height, the jet flow is better able to

penetrate the liquid flow in the micro-channel, and the impingement effect is felt more

strongly at the surface. However, the decrease in maximum surface temperature realized

by reducing micro-channel height is accompanied by more appreciable temperature

gradients both locally and along the entire length of the micro-channel. The local

gradients are the result of the aforementioned strong impingement effects, while the

overall gradient is due to increased flow rate along the micro-channel. However, Fig.

4.1(a) shows reducing micro-channel height from 3 to 1 mm increases surface

temperature.

To explain these seemingly opposite trends, streamline plots were generated for

the smallest micro-channel height of Hh = 1 mm for Uje = I m/s, Fig. 4.2(a), and Ue, = 5

m/s, Fig. 4.2(b). Notice in Fig. 4.2(a) for the low velocity case that while the upstream

jet (close to central region of micro-channel, where flow rate is zero) can easily impact

the surface, its spent fluid makes it difficult for the second jet to penetrate towards the

surface. The spent fluid from the first and second jets makes it even more difficult for the

third jet to reach the surface, and so on. On the other hand, Fig. 4.2(b) shows that despite

the increasing flow rate of spent fluid from upstream, jets at Uje' = 5 m/s are better able to

penetrate the micro-channel flow. In other words, heat removal is dominated more by

micro-channel flow at Uj, = I m/s and by jet impingement at U,t, = 5 m/s. Clearly, the

effects of jet impingement must diminish even at Uje, = 5 m/s had longer micro-channels

been tested. For the lower jet velocity, the reduced surface temperature achieved by

increasing micro-channel height from I to 3 mm (see Fig. 4.1(a)) is apparently the result

of the increased heat transfer area available for the micro-channel flow.

Figure 4.3 shows the effects of micro-channel width, Wch, on surface temperature

for Hch = 3.0 mm and Uie, = 5 m/s while maintaining a fixed pitch of W= 1.83 mm
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Figure 4.3 Numerical predictions of the effects of micro-channel width on surface
temperature for Uj, = 5 m/s and H,h = 3 mm.
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between micro-channels. As shown in Fig. 3.1, increasing Wh decreases the

micro-channel wall thickness W,. Figure 4.3 shows increasing W by reducing Wh from

1.4 to 1.0 mm decreases both surface temperature and temperature gradient along the

Figure 4.3 shows the effects of micro-channel width, Wch, on surface temperature for Hch

= 3.0 mm and Uje = 5 m/s while maintaining a fixed pitch of W = 1.83 mm between

micro-channels. This behavior is believed to be the result of the increased contribution of

conduction through the thicker sidewalls.

4.1.2. Slot Jets

A numerical parametric study for the hybrid micro-channel/micro-slot jet cooling

module was conducted by varying micro-channel height, Hh, micro-channel wall

thickness, W,, and jet width, Wj, as indicated in Table 4.2.

Table 4.2 Dimensions tested in numerical parametric study for slot jets.

H,h (mM) Wh (mm) Wje, (mm) Uel (m/s)

1.00, 3.00 1.00, 1.40 0.30, 0.60 5, 10

Figure 4.4(a) shows the effects of micro-channel height on surface centerline

temperature for Ww = 0.43 mm, Wj, = 0.6 mm and jet velocities of Ujet = 5 and 10 m/s.

The higher jet velocity is shown decreasing the maximum surface temperature

appreciably. Due to the fin effect of the micro-channel copper sidewall, a lower axial

temperature gradient is achieved at Ul, = 5 m/s for Hch = 3 mm compared to 1 mm. This

effect appears to subside appreciably for Ufr, = 10 m/s because of apparent dominance of

jet impingement with the channel's bottom wall compared to the fin effect.

Figure 4.4(b) shows that surface temperature is reduced for Uj, = 5 m/s by

decreasing channel width because stronger jet vorticity along the channel sidewalls

increases the contribution of sidewall conduction. Additionally, mean flow velocity
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Figure 4.4 Numerical predictions of the effects of (a) channel height and (b) jet width

and channel width on centerline temperature distribution along the micro-channel.
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along the micro-channel increases with decreasing W h, which helps decrease the axial

temperature gradient as well. For a fixed Wch, decreasing jet width, Wj, in half while

maintaining the same flow rate requires doubling jet velocity. Figure 4.4(b) shows higher

jet velocity decreases surface temperature, although the axial temperature gradient is

greater. This trend points to a very important practical conclusion concerning maximum

surface temperature: for a given flow rate, higher heat transfer coefficients and lower

surface temperatures are possible simply by decreasing jet width. Obvious limits to how

small jet width can be made are manufacturability and high pressure drop.

Using these parametric trends of micro-channel geometry as a guide to achieving

favorable cooling performance, experiments were performed using the geometry detailed

in Table 3.1 and Table 3.2.

4.2. Comparison of Numerical Predictions with Experimental Results

Figures 4.5 and 4.6 compare numerical predictions of temperature distribution

along the thermocouple line inside the copper heating block with the thermocouple

measurements for circular jets and slot jet, respectively. Both the numerical predictions

and experimental data show wall temperature decreases with decreasing liquid inlet

temperature for about the same jet velocity and wall heat flux. Both predictions and

experimental data also show strong influence of jet velocity on cooling performance. For

an inlet temperature of Tin = 0 'C in Fig. 4.5, increasing jet velocity from Uj, = 2.68 to

4.53 m/s, facilitates the removal of nearly twice the wall heat flux while incurring only a

mild increase in wall temperature.

Close agreement between predicted and measured temperatures proves the single-

phase performance of the present hybrid cooling scheme can be accurately predicted with

the Navier-Stokes and energy equations using the standard k-E model. This agreement

also demonstrates the effectiveness of the technique discussed earlier in relation to

determining the extent of the laminar zone of the computational domain.
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Figure 4.5 Comparisons of numerical prediction along the thermocouple line with
measured temperatures for the equal-size-circular jet configuration.
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Figure 4.6 Comparisons of numerical prediction along the thermocouple line with
measured temperatures for the micro-slot-jet configuration.
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4.3. Parametric Trends of Cooling Characteristics

4.3.1. Circular Jets

Table 4.3 summarizes the different numerical simulation tests that were used to

examine the cooling performance of the hybrid cooling scheme.

Table 4.3 Numerical simulation cases using HFE 7100 as working fluid.

Inlet temperature Flow rate Jet velocity Effective heat flux

Ti, (C) Q ( m3/S) Uj, (m/s) q "eg (W/cm2)

0 7.34 x 10-6  0.90 53.39

20 2.19 x 105  2.68 84.11

0 2.28 x 10_' 2.78 96.27

0 3.71 x 10-' 4.53 162.15

Figures 4.7(a) and 4.7(b) show temperature distributions along the micro-

channel's bottom wall for q,ff = 53.39 W/cm2 and Uj = 0.90 m/s, and qef = 162.15

W/cm 2 and Vj,, = 4.53 m/s, respectively. For the weak jet case, Fig. 4.7(a), heat transfer

appears dominated more by the micro-channel flow than by jet impingement. Since

coolant flow rate increases along the flow direction, the heat transfer coefficient is

highest and wall temperature lowest near the outlet (x = 10 mm). The reverse is true for

the strong jet case, Fig. 4.7(b). Here, heat transfer is appears to be influenced more by jet

impingement than by the micro-channel flow, evidenced by both the local depressions in

wall temperature immediately below the jets as well as lower overall wall temperatures.

Due to the fin effect of the micro-channel sidewall, lower temperatures are

achieved along the comer of the micro-channel's bottom wall for both weak and strong

jet cases.
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Figure 4.8 shows bottom wall temperature distribution including the region below the

micro-channel sidewall. Temperature profiles are shown for four different axial

locations, x = 0, 3, 6, and 9 mm. These profiles depict the aforementioned fin effect of

the micro-channel sidewall. The small variations between temperature profiles

corresponding to different axial locations clearly highlights the effectiveness of the

hybrid cooling scheme at virtually eliminating the axial temperature gradients often

associated with conventional micro-channel heat sinks.

Figure 4.9 shows further evidence of the relative contributions of jets and micro-

channel flow for weak and strong jets. Streamline plots in Fig. 4.9(a) corresponding to

weak jets show jet flow is barely able to penetrate the axial micro-channel flow and have

its effect felt at the wall. This is especially the case for downstream jets that face

increasing resistance from the gradually increasing micro-channel flow. On the other

hand, Fig. 4.9(b) shows jets are better able to penetrate the micro-channel and produce

strong impingement effect at the wall. Despite the increasing micro-channel flow in the

x-direction, Fig. 4.9(b) shows the jet fluid approaching the wall for most jets, though

downstream jets appear to be facing greater resistance from the micro-channel flow. This

strong impingement effect is manifest in Fig. 4.7 in the form of greater heat transfer

coefficients. These trends are further illustrated with plots of heat flux distribution along

the bottom wall of the micro-channel. These distributions are shown for weak and strong

jet cases in Figs. 4.10(a) and 4.10(b), respectively. In these plots, local heat flux is

evaluated as

q"=-kr--- r(4.1)

dnr

where kr is the interface thermal conductivity obtained by the harmonic mean of k, and kf.

Both figures show higher heat fluxes are encountered near the jet centerline, but this

effect is more noticeable for the strong jets. Heat flux is quite small in the comer of the

micro-channel where the flow is weakest. For the weak jet case, Fig. 4.10(a), the highest

heat flux is encountered near the first jet closest to the center of the micro-channel, and

the lowest heat flux near the micro-channel center (x = 0). Notice that local heat flux

peaks are dampened by the micro-channel flow for all jets excepting the most upstream.
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(a)

(b)

Figure 4.9 Streamline plots for (a) Uje 0.90 m/s and (b) U, =4.53 m/s.
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On the other hand, Fig. 4.10(b) shows strong jets produce noticeable local peaks

in the heat flux distribution for several upstream jets. However, the peaks are ultimately

dampened for the three most downstream jets.

Similar trends also shown in Fig. 4.11 in the form of Nusselt number distribution

along the bottom wall, where the local Nusselt number is defined as

Nu = q" Liet (4.2)
kf(I- Till)

4.3.2. Slot Jets

Figures 4.12(a) and 4.12(b) show temperature distribution of the micro-channel

bottom wall of the unit cell, including the sidewall, for qeif -20.58 W/cm 2 with Re., =

2,892 and q = 76.37 W/cm 2 with Rej, = 26,764, respectively. Overall, surface

temperature increases along the micro-channel flow direction, and higher temperatures

are encountered near the outlet. Comparing the two figures shows higher jet velocities

decrease surface temperature. Slightly lower surface temperatures are achieved below

the sidewall due to the aforementioned fin effect. Along the centerline of the micro-

channel bottom wall, Fig. 4.12(a) shows the lowest surface temperature is achieved

immediately below the center of the slot jet (x = 0). However, the lowest temperature of

the channel bottom wall is located near the end of the slot jet span because of increased

velocity along the micro-channel.

Figures 4.13 and 4.14 show the heat flux distribution along the micro-channel

bottom wall and the sidewall, respectively. The local heat flux is evaluated from Eq.

(4. 1). Both distributions in Fig. 4.13 show heat flux is greatest near the jet centerline due

to the impingement effect and thin boundary layer. Notice how the heat flux becomes

vanishingly small in the lower corner of the micro-channel where the flow is highly

weakened for the rectangular channel. Figures 4.14(a) and 4.14(b) show a sharp rise in

heat flux along the sidewall a short distance above the test surface. This rise is the result

of the wall jet forming away from the stagnation zone of the slot jet. Notice the stronger

influence of this wall jet in Fig. 4.14(b) for the higher Reynolds number case. The wall
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jet flow also induces strong circumferential recirculation, producing high fluxes along the

entire sidewall, which is obviously being sustained by heat conduction along the sidewall.

Figure 4.15 shows local Nusselt number along the micro-channel's bottom wall follows a

distribution similar to that shown in Fig. 4.13 for heat flux. The local Nusselt number is

calculated from Eq. (4.2).

4.4. Different Circular-Jet-Pattern Configurations

Numerical simulations of the different jet patterns are conducted to predict both

the complex micro-jet/micro-jet flow interaction and wall temperature distribution. Two

ultimate cooling objectives are to achieve, for a given flow rate, the highest possible heat

transfer coefficient and lowest wall temperature gradients.

4.4.1. Determination of Jet Velocities

Jet velocities of differently sized jets can be related to one another by equating

their pressure drop. Consider a cooling module that contains three different jet sizes,

Djetl, Ojei2 and Djet3. Equal pressure drop requires that

H.,, pfU , t" f Hj, pfU[12,,,= He pf U2,3 (43

AP = AP 2 = AP', = fH 1 , D 2U - 12 = 2 H D jet 2 j H 3  (4.3)
- Det 2 jet, 2 jet 3 2

where the pressure drop coefficient, f is inversely proportional to jet Reynolds

(Incropera, 1999)

f = KRe,.,, (4.4)

and K is fairly constant for the conditions of the present study. Equations (4.3) and (4.4)

allow the jet velocities to be related to one another as follows:

U je, = je2 u jel (4.5a)
Djetl

D 2and Ue,3 - U, . (4.5b)

Djetl
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Then Uje, can be determined from continuity as

th- jj 4 D - (4.6)

44 Djet, )+j4 t]

where Ni is the total number jets of diameter Dje,i. The velocities of the other jets can be

determined using Eqs. (4.5a) and (4.5b).

4.4.2. Validation of Numerical Predictions

Figure 4.16 compares numerical predictions of the temperature distribution along

the thermocouple line in the copper block with the thermocouple measurements for the

three jet patterns. The numerical scheme appears equally effective at predicting the

temperature variations for the different jet patterns corresponding to different heat fluxes

and flow rates. The agreement between the measured and predicted temperatures

demonstrates the effectiveness of the present numerical scheme using the standard k-E

model and the relations used to determine the extent of the laminar zone.

4.4.3. Predicted Trends of Cooling Performance

Figures 4.17-4.19 show flow streamlines and channel bottom wall temperature

distribution for one-fourth the unit cell illustrated in Fig. 3.1. Results for the three jet

patterns are provided for low, medium, high flow rates in Figs. 4.17, 4.18 and 4.19,

respectively.

For the decreasing-jet-size pattern with a low flow rate, Fig. 4.17(a) shows the

large jets near the center of the channel are easily able to reach the channel bottom wall,

yielding lowest temperatures near the center of the channel. The spent fluid from the first

jet and second jet makes it difficult for the downstream jets to reach the bottom wall.

However, the heat transfer coefficient increases with increasing flow rate along the flow

direction. The decreasing-jet-size pattern appears to effectively utilize both the jet flow

and the channel flow to achieve excellent bottom wall temperature uniformity.
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Figure 4.16 Comparison of numerical predictions of temperatures along thermocouple
line and measured temperatures.
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Figure 4.17 Streamlines and wall temperature plots at q "f=36.0 W/cm2 th 1. g/S
for (a) decreasing jet size, (b) equal jet size, and (c) increasing jet size.
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Figure 4.18 Streamline and wall temperature plots at q",ff= 67.6 W/cm 2, th= 33.6 g/s

for (d) decreasing jet size, (e) equal jet size, and (f) increasing jet size.
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Figure 4.17(b) shows that heat transfer for the equal-jet-size pattern is dominated

more by channel flow than by jet impingement. Since the flow rate increases along the

flow direction, the lowest temperature is encountered near the channel outlet. For the

increasing-jet-size pattern, Fig. 4.17(c) shows the flow is complicated by interactions

between neighboring jets. Large jets near the channel outlet create appreciable blockage

to coolant flow from the upstream small- and medium-sized jets. Overall, the increasing-

jet-size pattern provides the poorest cooling performance of the three jet patterns,

evidenced by the highest wall temperatures and largest wall temperature gradients.

Figures 4.18 and 4.19 show, for medium and high flow rates, respectively, similar

cooling trends for each jet patterns. One obvious difference from the low flow rate case

is a greater influence of jet impingement compared to micro-channel flow for all jet

patterns. Strong impingement of the largest jets reduces surface temperature for the

decreasing-jet-size pattern, Figs. 4.18(a) and 4.19(a), and the increasing-jet-size pattern,

Figs. 4.18(c) and 4.19(c), compared to the equal-jet-size pattern, Figs. 4.18(b) and

4.19(b). Because of the increasing flow rate along the flow direction, fairly uniform

temperature is achieved with the decreasing-jet-size pattern as shown in Figs. 4.18(a) and

4.19(a). Excellent surface temperature uniformity is achieved with the equal-jet-size

pattern at medium and high flow rates as shown in Figs. 4.18(b) and 4.19(b). For the

increasing-jet-size pattern, the increasing flow rate escalates the aforementioned blockage

effect, causing appreciable recirculation in the flow from the upstream small jets as

shown in Figs. 4.18(c) and 4.19(c). Despite the ability to achieve relatively low overall

wall temperatures, the flow blockage induces large wall temperature gradients for the

increasing-jet-size pattern.

Figure 4.20 shows the effects of flow rate on temperature distribution along the

centerline of the channel's bottom wall. For the three jet patterns, increasing flow rate

decreases the bottom wall temperature at the expense of a higher temperature gradient.

The medium and high flow rate cases manifest the strong impingement effects of the

large jets in the form of low upstream temperatures for the decreasing-jet-size pattern,

Fig. 4.20(a), and low downstream temperatures for the increasing-jet-size pattern, Fig.

4.20(c). Figure 4.20 shows, for all flow rates, the highest single-phase heat transfer
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Figure 4.20 Variation of wall temperature along micro-channel for(a) q="= 36.1W/cm2 rh, 11.1 g/s, (b) q "gf = 67.6 W/cm.,
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coefficients (i.e., lowest wall temperatures) are achieved with the decreasing-jet-size

pattern. However, the greatest temperature uniformity is realized with the equal-jet-size

pattern. These trends point to important practical trends in cooling system design. The

increasing-jet-size pattern is preferred for high-heat-flux removal, while the equal-jet-size

pattern is preferred for devices demanding greater temperature uniformity.
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CHAPTER 5. SINGLE-PHASE EXPERIMENTAL RESULTS

5.1. Overall Single-Phase Cooling Performance

5.1.1. Circular Jets

As indicated earlier, three key objectives of the new hybrid cooling scheme are

(1) dissipating large heat fluxes, (2) maintaining low surface temperatures, and (3)

reducing surface temperature gradients. Figure 5.1 shows thermocouple readings of the

copper heating block as a function of jet Reynolds number for q "ff = 50 and 91 W/cm2.

Clearly evident in this figure is the advantageous effect of increasing Re, at reducing

surface temperature for a given heat flux. There is also a slight decrease in temperature

gradient between thermocouples at higher Reje,. However, both surface temperature and

temperature gradient increase with increasing heat flux. Overall, axial surface

temperature variations over the entire single-phase cooling region up to 50 W/cm 2 were

less than 1.5 'C.

5.1.2. Slot Jets

Choice of key geometrical parameters of the test module is based largely on the

numerical findings. Key goals in the module design are to enhance heat flux removal,

reduce surface temperature, and reduce surface temperature gradients. Figure 5.2 shows

thermocouple readings in the copper heating block as a function of Reynolds numbers for

q"eff = 32 W/cm2. Increasing Reynolds number decreases both surface temperature and

temperature gradient. Despite the relatively poor thermophysical properties of HFE-

7100, the high cooling effectiveness of the hybrid configuration, coupled with the use of

indirect refrigeration cooling, enables the dissipation of q*ff = 305.9 W/cm 2 at
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Figure 5.1 Thermocouple readings in copper heating block versus jet Reynolds number
for different heat fluxes and inlet temperatures for circular jets.

Boiling and Two-Phase Flow Laboratory



59

60 1 1 1 1

50 - XtC1
• Xtc 2

• Xtc4,., 4 0 , xtc4

0

- 30
I-

I 20-

10 - ! HFE 7100

q"f = 32 W/cm 2

0 I I I I I

0 2000 4000 6000 8000 10000 12000 14000

Re jet

Figure 5.2 Thermocouple readings in copper heating block versus jet Reynolds number
for different heat fluxes and inlet temperatures for slot jets.
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Ti= - 40 'C and Uje, = 7.37 m/s without phase change. At this heat flux, the average

surface temperature is 70.82 'C, well below the maximum recommended temperature for

modern electronic devices. Surface temperature variations up to q"f = 50 W/cm 2 are less

than 2 'C.

5.1.3. Different Circular-Jet-Pattern Configurations

The flow rate trends depicted in Fig. 4.20 are further substantiated in Fig. 5.3,

which shows the heat transfer coefficient data plotted against Rej,,n,, the jet Reynolds

number based on mean velocity of all jets in a micro-jet plate. Clearly evident in Fig. 5.3

is the advantageous effect of increasing Reje,,m for all jet patterns, as well as the superior

heat transfer performance of the decreasing-jet-size pattern.

5.2. Correlation of Single-Phase Heat Transfer Data

5.2.1. Circular Jets

A new single-phase heat transfer correlation is sought for the new hybrid cooling

scheme. Such a correlation can serve as a convenient tool for design of electronic

modules utilizing the new hybrid cooling scheme, eliminating the need for much of the

aforementioned numerical modeling.

A superposition technique originally developed by Wadsworth and Mudawar

(1990) for slot jets can be tailored to hybrid configurations where different cooling

mechanisms dominate different portions of the surface. This technique was quite

effective at correlating their single-phase data, and was later used successfully to

correlate data for multiple slot jets (Meyer et al., 2006) as well as the present authors'

own data for the aforementioned hybrid slot jet/micro-channel cooling scheme (Sung and

Mudawar, 2006).

This technique consists of applying different correlations of the same general form
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Figure 5.3 Variation of heat transfer coefficient with mean jet Reynolds number for
different jet patterns.
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Nu
pr. = f(Re), (5.1)

to the different surface regions. Figure 5.4 illustrates for a single jet cell the different

surface regions associated with a single jet: an impingement region, two identical bottom

wall regions on either side of the impingement region, and a micro-channel flow region.

The micro-channel flow region encompasses upstream and downstream bottom

wall regions shown in Fig. 5.4, as well as the sidewalls and top wall of the micro-channel

for the entire jet cell (top wall is thermally conducting in present cooling module).

Assuming surface temperature is uniform across the entire wetted surface, the

superpositioning technique yields the following relation for overall heat transfer

coefficient, hL:

NL 2 D 2 L Wr P
hL Ph = 2  heiJ [ 4. + J.eti W[h Djei N " e + 2_, h )e+ j

4 -4 Nje 4hOe

(5.2)

where Nj,, is the number of micro-jets per single micro-channel and Ph the micro-channel

perimeter. Since channel velocity increases away from the central jets towards the outlet

due to the increased flow rate, Eq. (5.2) is written to allow for variations in the values of

heat transfer coefficients between successive jet cells similar to those depicted in Fig. 5.4.

Equation (5.2) can be represented in the dimensionless form

ir D2

W,, D - 4

L r" W,hD, (rD 2

k . kI PI kh k +

(5.3)

The Reynolds used to characterize the heat transfer in the different surface regions

depicted in Fig. 5.4 are defined as
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U jaj iet (5.4a)
Vf

( ~iD 2
W,IVhDIjet j D).et

Ph

Rec, = f (5.4b)

U h 2J L W chD 1+ j e -DI

and Re,,h2., Nje Ph 4 W,De (5.4c)

The characteristic velocity in Eq. (5.4b) is assumed equal to the jet velocity due to

the strong attachment of wall jet in that region and the Bernoulli assumption as

U,hJ = Ujet' (5.5)

The characteristic velocity in Re,h2.i is determined from continuity, accounting for the

gradual increase in flow rate away from the center of the micro-channel as follows:

,r D,
U het (5.6)

Wch Hch

Therefore the heat transfer correlation can now be written as
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NL=2 CRe" (D_, ) + C2Re%,+ C3Re: It.,

2 2

PW D ;r /
{/2 W , je' 4 W 1  L ,, +L "

2C Re' + IL Re"

(5.7)

The exponent, a, corresponding to the impingement term is set to 0.5, which is the

value recommended for the impingement zone of a jet (Wadsworth and Mudawar, 1990).

The remaining empirical constants were determined from a least-squares fit to the

experimental data, resulting in the following correlation for the hybrid cooling scheme:

Nut. (sD W,. .o D-= 63.4Re 5 j - Nj, , +0.83Re, 9 - N4, +
P, P , ) Ph Dj'

:r D 2
0 43Re ,, 4 1 L W,, 1 + V +2 ..654 + (N ... /2)'

NW , Hv,h D ja, ph 4 W , D j20

(5.8)

Notice that Dje,, Hch, Wch, Ph, L and Njet are purposely retained in Eq. (5.8) rather than
replaced with the values used in the present experimental study. This is intended to allow

Eq. (5.8) to be used for a hybrid scheme with different values for these parameters.

Figure 5.5 shows Eq. (5.8) fits the present single-phase data with a mean absolute error

(MAE) of only 6.04 %, with all data points falling within a 20% error range.
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Figure 5.4 Schematic of superpositioning technique for correlating single-phase
heat transfer data for circular jets.
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Figure 5.5 Comparison of predictions of single-phase heat transfer correlation and
experimental data for equal-size-circular jet pattern.
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5.2.2. Different Circular-Jet-Pattern Configurations

The previous section shows the single-phase heat transfer correlation with the

superpositioning technique well predicted the experimental data of the equal-jet-size

pattern. The superpositioning technique is also used to correlate the single-phase heat

transfer data for the three jet patterns. The procedure of the single-phase correlation is

exactly same as the previous section except calculating the channel velocity. Due to the

Bernoulli effect, the sidewall characteristic velocity is assumed equal to the jet velocity.

The channel velocity can be determined from mass conservation, accounting for the

gradual increase in flow rate away from the center of the micro-channel as

U , hi = U jer,i  (5.9a)

i U jet, j  
jt

and Uh2J = W.e, 4 (5.9b)
W-H

Therefore, the heat transfer correlation can be written as

NUL = CRejeti ... C2 Re', + C3Re'
Pr;"  ,-t ' ph

NDI Wh Djt -_4~c, Re" jet,I i +-. C2i Reet.i
Ph /Phi DietJ

Ut] jet,jD

+C3 Reiel. etJ 4 Lje,i W,h 1+ .i '

Wc Hch Djei.i Ph 4 WchDjet.f

(5.10)

Equation (5.10) can also be written as
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c1hjeli tJ

C, Rev e j +C32Rei etD

roI iIj1Ph / jPh DietJ

j W,h H,h Dje'i Ph 4 W,, Dj,eti

(5.11)

As indicated earlier, Eqs. (5.10) and (5.11) are valid for jet patterns that do not

include a central jet. For patterns with a central jet, these equations must be modified by

including the following term for each side of the micro-channel as

SR (Dj,., /2) ' w,h (D(.,,l /2) T(Dj,,,/2)2
C, Rea, ,|" + C2 Re",. 4

I jo. Ph 2 idPh D ),j,t,l

.7r ( hD,, JW + rD,,,2

+ C3Re', 4 /2 ( e, .

(5.12)

The rest of the single-phase correlation can be obtained by simply setting Uje.,l2

and Dj,,, = Djt,1/ 2 to the third term in Eqs. (5.10) and (5.11).

The empirical constants are obtained with a least-squares' fit to the single-phase

heat transfer data. The following correlation was obtained for the micro-channel/micro-

circular-jet-impingement module with equal jet size from the previous section,
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,r 2  )0.199
N , W ,.h D.i . nDi .,

NuL 0. 1  lRe099r 4~
= 63.41Re e i

Pr0 4  
JPh / Ph D,,,

-0.654

(0.654 jef.i

+0.197 Re , W,h H ch D ,,.y P h 4 W,1hD+,.i

(5.13)

which can also be expressed as

( r 2 . )0"99
ND o,99 W ch D jer,i - ;r

Pr0L ' Y 63.41Re if, . + 0.183Re. j,.9 4

ji I j. Ph P) pDe1J

-0.654

+0.17 ,eJ W,hHch Djel,i Ph 4  gch Djef,i

(5.14)

Figure 5.6 shows Eqs. (5.13) or (5.14) fit the single-phase data for all three micro-jet

patterns with a mean absolute error (MAE) of 5.26%, with all data points falling within a

±20% error band. This is proof of the universal validity of this correlation.

5.2.3. Slot Jets

A new single-phase heat transfer correlation is sought for the hybrid micro-

channel/slot jet configuration. The superposition technique is employed here as well.

Figure 5.7 illustrates the different surface heat transfer regions used in the present

superpositioning technique for the hybrid micro-channel/slot jet scheme. The general

single-phase correlation form
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Figure 5.6 Comparison of predictions of single-phase heat transfer correlation and
experimental data.
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NUL = f(Re), (5.15)

is applied to each of these regions. The surface is comprised of an impingement region,

two identical sidewall regions, and two identical channel flow regions. Using the

superpositioning technique, the overall heat transfer is represented by the relation

hheje e l Lj-t

NL h, L jet Ph~ hCh I L.e - Petjh
NuL = -hf kf P + kf kf (5.16)

The Reynolds numbers for these regions are given by

2 W.e L.e

Ujet(2Wjet) U,.hl Ljet - UCh2 (L-Lje,t)
Re j, = , Rechl f and Rec 2 = . (5.17)

vf. VI V1

For an impinging jet, sidewall characteristic velocity is fairly equal to jet exit velocity

due the Bernoulli effect. On the other hand, the channel velocity can be determined from

mass conservation as

UChI = Uje, U,.h2 =U jet jet (5.18)
H,hwCh

Therefore, the hybrid module's heat transfer correlation can be written as

NU L = C Re, Le, + C2 Re' + C3 Re'
PrA 0. j1 i chl ch c2

Ph~ jt 2Wjer Ph) H,hIwVh

Wadsworth and Mudawar (1990) showed the impingement term can be accurately

characterized by setting a = 0.5, which is also adopted in the present correlation. The

remaining empirical constants are determined by a least-squares' fit to the present

experimental data. Two separate correlations were obtained depending on jet Reynolds

number. The first is a high Reje, correlation that is valid for 3,232 < Rejet< 30,853,
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Figure 5.7 Schematic of superpositioning technique for correlating single-phase heat
transfer for slot jets.
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0.6 Lje,(L -Lj,,)
0 .4 6

P4 =1.53Re, -a- +5.01Re 6, --- ") +0.18Reoe,46 (5.20)
f k Ph jet2 Wje Ph

The second, low Reje, correlation, is valid for 751 < RejIe, < 3,232,

NUL =1.53Re",[ -Lp._ +_l.3Re 04je, W P .4 +-Le, ) (5.21)

jet P h I jet 2W 1~ jet P hje ,L L i W (1h

Figure 5.8 shows Eqs. (5.20) and (5.21) fit the entire HFE-7100 database with a

mean absolute error (MAE) of 3.90%.

5.3. Comparison of Single-Phase Performance of Two Hybrid Cooling Schemes

Both experimental study and numerical simulation are used to predict and

compare the cooling performances of the two hybrid cooling configurations, circular jets

and slot jets. Aside from the copper block temperature results in Fig. 5.1 and 5.2,

temperature variations along the micro-channel sidewalls provide important insight into

the cooling performance of each hybrid configuration. Figures 5.9(a) and 5.9(b) show

sidewall temperature distributions for circular jets at q",ff = 162.15 W/cm 2 and Q =

3.71x10 -5 m3/s, and slot jets at q "eff= 76.37 W/cm 2 and Q = 4.5 1x10 5 m3/s, respectively.

Overall, lower temperatures are achieved with the circular jets despite a significantly

higher heat flux for the circular jets compared to the slot jet. Furthermore, far better axial

temperature uniformity is evident in the temperature contours of the circular jets

compared to the slot jet. Figure 5.10 shows the variation of pressure drop, measured

between the inlet and outlet plenums of the test module, with Reje,. Figure 5.10(a) shows

pressure drop for the slot jet increases with increasing Reje, but decreases with increasing

heat flux. The latter trend is closely related to the lower liquid viscosity at higher

temperatures. Figure 5.10(b) shows, for equal Reje,, lower pressure drop is encountered

with the slot-jet compared to the circular jets. This can be explained by stronger

contraction and expansion effects, and smaller diameter of the circular jets. These

findings prove the circular jet pattern provides superior cooling performance, albeit at the

expense of greater pressure drop.
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Figure 5.8 Comparison of predictions of single-phase heat transfer coefficient
correlations with slot jet HFE-7100 data.

Boiling and Two-Phase Flow Laboratory



75

01

E 6 . . 303 _

N 4_ _

30 2 4681

T ['11 210

E 9

N 8

HI1 09980420

0 4.5 8 01 3/

at 76.37 7 .3 WW/CadM2 45x1 5 m3

Boilng ad To-Phse Fow aborto0



76

60 - HFE 7100
- Slot Jet .'-

'~40 [ Tj 20C

- _ _Ar_

< 20 -- ~qf 32 W/CM 2

~ 0-q"eit 80 W/cm2

0 5xl 03  10X10 3  15x10 3  20x103  25x103  30x10 3

(a) Rejet

120 - HFE 7100 0-A- Slot Jet

= "t 32 W/cm2  -0 Circular Jets

CL 80 T =20C

<40

-A

0 1 x10-5  2W10 5  3x 10-5  4x 10'5  5x 10-5  6x-10-5  7x 10-5

(b) Q [M3/S]

Figure 5.10 Variation of heat transfer coefficient with mean jet Reynolds number for
different jet patterns.
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CHAPTER 6. TWO-PHASE RESULTS

6.1. Boiling Curve Trends

6.1.1. Circular Jets

Figures 6.1(a) and 6.1(b) show boiling curves for the present hybrid cooling

module for --jei = 0.9 m/s, and inlet subcoolings of AT,,b = 88.7 and 48.2°C, respectively.

Wall temperature data are shown for xic = 0.0, Xtc2 = 3.0, XIc3 = 6.0, and XI,4 = 9.0 mm

from the center of the micro-channel. Each temperature was determined from the applied

heat flux, q"i, and thermocouple measurement at the same axial location by assuming

one-dimensional heat conduction between the thermocouple and the micro-channel's

bottom wall. The inlet temperature, Ti,, was measured by the thermocouple inserted in

the inlet plenum.

At low heat fluxes corresponding to single-phase heat transfer, Figs. 6.1(a) and

6.1(b) show fairly constant slopes for all boiling curves. With increasing heat flux,

different trends are observed, depending on the magnitude of subcooling. Figure 6.1(b)

shows the slope begins to increase at x,,4, the most downstream of the four wall locations,

indicating boiling is initiated near the micro-channel outlet. However, Fig. 6.1(a), which

corresponds to highly subcooled jets, shows boiling commences at x,, 3, not the outlet.

Numerical single-phase results show that, while the heat transfer coefficient is lowest

near the center of the micro-channel, there is a second local minimum near x,,.,. The

downstream minimum appears more favorable for nucleation because of both warmer

bulk flow and lower pressure near X,,3 than at x = 0.

The decreasing slope of the boiling curves prior to CHF, albeit small, is indicative

of deterioration in heat transfer effectiveness because of local vapor blanket formation.
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CHF values for the cases in Fig. 6.1(a) and 6.1(b) are 276.3 and 213.2 W/cm 2,

respectively.

Nucleate boiling inside the hybrid cooling module is fundamentally different from

that encountered in conventional micro-channels. In the hybrid module, liquid supplied

into the micro-channel from the jet closest to the center undergoes gradual bubble

nucleation and growth. However, the micro-channel flow is influenced shortly

downstream by the second jet, which can produce rapid condensation and collapse of the

bubbles. The micro-channel flow produced by mixing warm upstream fluid with the

cooler liquid supplied by the second jet then heats up, incurring additional nucleation,

until it reaches the third jet. In this manner, the pattern of bubble growth and collapse is

repeated along the micro-channel with a relatively mild overall increase in vapor void

fraction. This behavior is evidenced in Figs. 6.1(a) and 6.1(b) by the relatively small

variations in wall temperature along the flow direction.

The effects of subcooling and jet velocity on the boiling characteristics of the

hybrid cooling module are shown in Fig. 6.2(a) and 6.2(b), respectively. An area-

averaged wall temperature, T , is used in these plots. Figure 6.2(a) shows a relatively

weak effect of subcooling on the single-phase region; this effect is the result of relatively

mild variations of liquid properties with temperature. However, increasing subcooling

delays the onset of boiling to both higher surface temperatures and higher heat fluxes.

CHF also increases considerably with increased subcooling because of the subcooled

liquid's ability to absorb an appreciable fraction of the supplied heat in the form of

sensible energy; subcooled liquid also utilizes condensation to aid in delaying vapor

blanket formation. Figure 6.2(b) shows increasing the flow rate delays the onset of

boiling and augments single-phase heat transfer considerably. CHF also increases

appreciably with increasing flow rate. Surprisingly, the higher jet velocity enabled the

dissipation of an unprecedented heat flux of 1,127 W/cm 2. This test was terminated at

this heat flux without incurring CHF. These results demonstrate the enormous cooling

potential of the hybrid cooling scheme utilizing the circular jet pattern.
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and Uj,e = 0.91 m/s.
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6.1.2. Slot Jets

Figures 6.3(a) and 6.3(b) show boiling curves obtained from the four

thermocouple readings for a jet velocity of Uje = 0.87 m/s and inlet subcoolings of ATs,,b

= 88.1 and 68.1 'C, respectively. For each subcooling, the slope of the boiling curve in

the single-phase region is fairly constant, indicative of a constant heat transfer coefficient.

The highest temperature in the same region is encountered near the outlet, which is

consistent with the previous single-phase numerical predictions. For both subcoolings,

location X1c4 shows the earliest increase in slope, making the onset of boiling near the

outlet. This location also maintains the highest temperatures throughout the nucleate

boiling region and is where critical heat flux (Cl-IF) commences. CHF values for the

conditions of Figs. 6.3(a) and 6.3(b) are 310.6 and 243.3 W/cm2 , respectively.

Figure 6.4(a) shows the effects of subcooling on the boiling curve for Uj,, = 0.86

m/s. Slight deviations in the single-phase region are the result of liquid property

variations with temperature. Increasing the subcooling delays the onset of boiling

incipience and enhances CHF considerably. Increased CBF is the result of the subcooled

liquid's ability to absorb a substantial fraction of the wall heat flux in the form of sensible

heat prior to evaporation. Figure 6.4(b) shows the effects of jet velocity (and flow rate)

on the boiling curve for AT,,b = 107.8 'C. Increasing Ujet delays the onset of boiling and

broadens the single-phase heat transfer region considerably. CHF also increases

appreciably with increasing Uj,,. Because of high CHF values, higher velocity tests were

terminated well before CHF to protect the test module against potential overheating or

burnout.

6.1.3. Different Circular-Jet-Pattern Configurations

Since high-flux electronic and power devices for which the present cooling

scheme is intended undergo power fluctuations during normal operation, it is important to

determine the temperature response of the device to these power fluctuations. Of special

importance is the ability to produce the same temperature for a given heat flux value

regardless how this heat flux is reached. Nucleate boiling performance can manifest
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significant hysteresis depending on whether a particular operating condition is achieved

by increasing or decreasing the heat flux. Hysteresis is encountered both at the onset of

boiling and throughout the nucleate boiling region. Virtually all dielectric fluids used in

electronics cooling are prone to incipient boiling hysteresis. Because of the low contact

angle of these coolants, liquid can easily flood cavities, depriving potential nucleation

sites from the vapor embryos necessary to initiate and sustain the boiling process

(Mudawar, 2001). When increasing the heat flux from a non-boiling state, appreciable

wall superheat - overshoot - is required to initiate the boiling process. Once boiling is

initiated, the ensuing large increase in the heat transfer coefficient causes a sudden

decrease in the wall temperature. The large incipient wall superheat and ensuing

temperature drop are highly troublesome in electronics cooling because of the potential

for thermal shock to the device. Increasing the heat flux beyond the incipience point

follows a fairly predictable relationship between the heat flux and wall temperature.

Similar behavior is achieved when decreasing the heat flux. However, the transition from

nucleate boiling to single-phase cooling occurs without the aforementioned incipience

overshoot, hence the term hysteresis. Another form of hysteresis is manifest in

differences in the wall temperature in the nucleate boiling region when increasing versus

decreasing the heat flux.

Figure 6.5 shows boiling curves that were measured by increasing and decreasing

the heat flux for the decreasing-jet-size pattern at Q = 2.33 x 10-5 m3/s and Ti, = 0°C.

Heat flux in these tests was increased in small increments up to CHF and then decreased

again in small increments. The mean surface temperature, 1, in Fig. 6.5 was determined

as follows. First, local surface temperatures were calculated by correcting the

thermocouple temperatures for one-dimensional heat conduction between the

thermocouple location and the test surface immediately above. These temperatures were

then area-averaged to determine T. The inlet temperature was measured by the

thermocouple located in the inlet plenum. Figure 6.5 shows the two boiling curves are

identically matched, proving the hybrid cooling scheme precludes both forms of

hysteresis. Figure 6.6 shows the effects of flow rate on the boiling curve for the three jet

patterns. For each pattern, increasing the flow rate augments single-phase heat transfer
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considerably and delays the onset of nucleate boiling (ONB) to a higher heat flux.

Boiling curves tend to converge in the nucleate boiling region, which is consistent with

findings from previous sections. Increasing flow rate also enhances CHF appreciably.

Notice that not all boiling curves culminate in CHF. High flow rate tests produced very

high temperatures in the heating block and had to be terminated before CHF to prevent

any permanent damage to the test module.

Figure 6.7 shows the effects of subcooling on the boiling curve for the three jet

patterns at Q = 7.66 x 10-6 m3/s. For each pattern, increasing the subcooling delayed the

onset of boiling and CHIF to both higher heat fluxes and higher surface temperatures.

Overall, Fig. 6.7 shows the decreasing-size-jet pattern achieves the highest CHF at a

given level of subcooling followed, respectively, by the equal-jet-size and increasing-jet-

size patterns. Those differences in boiling behavior among the different jet patterns are

closely related to the fact that the present hybrid cooling configurations are associated

with very mild void fractions (this issue will be discussed later), where bulk liquid flow

plays a major role even in the nucleate boiling region. In the previous numerical study on

differences in single-phase performance among the three jet patterns, numerical

simulations showed the decreasing-jet-size pattern yields the lowest surface temperature

(i.e., highest heat transfer coefficient), followed by the equal-jet-size and increasing-jet-

size patterns, respectively. This also implies the decreasing-jet-size pattern delays the

onset of boiling to a higher flux and decreases void fraction compared to the other two

patterns. With a lower void fraction, the decreasing-jet-size pattern provides greater

access of subcooled bulk liquid to the wall, resulting in the highest CHF for this pattern.

The single-phase numerical simulations also showed the equal-jet-size pattern provides

the greatest surface temperature uniformity, while the fluid flow with the increasing-jet-

size pattern is complicated by blockage from the large jets located near the channel

outlet.
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6.2. Flow Visualization Results for Slot Jets

To capture two-phase flow behavior along the micro-channels, the test module's

jet plate and upper housing (see Fig. 2.2) were replaced with plates made from

transparent polycarbonate plastic (Lexan). A high-speed video camera fitted with close-

up lenses was positioned above the test module as illustrated in Fig. 2.1. This placement

facilitated viewing of three adjacent micro-channels. The relatively low melting point of

polycarbonate plastic limited these flow visualization tests to low heat fluxes. Figures

6.8(a) and 6.8(b) show representative images captured at UjeL = 0.44 m/s and AT,,b = 48.1

'C at q"f = 43 and 63 W/cm 2, respectively. Figure 6.8(a) shows a combination bubbly

flow, caused by sidewall nucleation, and slug flow. Increasing the heat flux causes

further bubble coalescence into longer slug bubbles as depicted in Fig. 6.8(b). Notice the

appreciable increase in void fraction, evidenced by the large size of bubbles exiting the

micro-channels in Fig. 6.8(b) compared to Fig. 6.8(a).

Qu and Mudawar (2004) classified two types of flow instability in conventional

two-phase micro-channel heat sinks, severe pressure drop oscillation and mild parallel

channel instability. Severe pressure drop oscillation is the result of interaction between

the two-phase flow in the micro-channel heat sink and the upstream compressible volume

in the flow loop. This instability causes severe fluctuations between incoming liquid and

downstream two-phase mixture in all channels. The mild parallel channel instability is

the result of flow interactions among micro-channels and is intrinsic to the heat sink

itself. Figures 6.8(a) and 6.8(b) depict the mild parallel channel instability that causes the

variations in flow pattern among adjacent micro-channels. Interestingly, the severe

pressure drop oscillation was never observed in the present study.

6.3. Comparison of Pressure Drop and Two-Phase Heat Transfer Coefficients for

Different Circular-Jet Patterns

Figure 6.9(a) shows the variation of pressure drop with heat flux for the

decreasing-jet-size pattern at Q = 7.45 x 10-6 m3/s and four subcoolings. For the single-
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phase region, pressure drop decreases with increasing temperature because of reduced

viscosity. Figure 6.9(a) shows pressure drop decreases with increasing heat flux for each

inlet temperature because of this viscosity effect. Interestingly, this trend continues into

the two-phase region, with the minimum pressure drop encountered just before CHF.

This is contrary to trends found in most flow boiling situations, where pressure drop

increases appreciably in the two-phase region. This unusual trend may be explained by

the fundamentally different nucleate boiling pattern encountered in the hybrid cooling

configuration compared to conventional micro-channel two-phase flow. As illustrated in

Fig. 6.10(a), void fraction in conventional micro-channel flow increases monotonically

along the micro-channel, increasing both the frictional and accelerational components of

pressure drop. In the hybrid cooling configuration, Fig. 6.10(b), void fraction increases

gradually between jets before being greatly reduced by condensation beneath the jets.

This result is a repeated pattern of void fraction growth and collapse along the micro-

channel, and a mild overall increase in void fraction along both sides of the micro-

channel. Small void fraction results in both small pressure drop and pressure drop

characteristics that are dominated by liquid friction.

Figure 6.9(b) shows the variation of pressure drop with heat flux for the three jet

patterns at Q = 2.33 x 10-5 m3/s and Ti, = 0°C. Data for all patterns follow a trend of

decreasing pressure drop with increasing heat flux because of the reduced liquid

viscosity. This trend also persists in the two-phase region because of the mild overall

increase in void fraction along the micro-channel. Feeding subcooled liquid from jets

gradually along the micro-channel appears to help maintain a predominantly liquid state

at the micro-channel outlet with a relatively small mass of vapor confined to the micro-

channel walls. CHF is consistent with the mechanism of Departure from Nucleate

Boiling (DNB) associated with highly subcooled flow boiling, high mass velocities, and

small length-to-diameter ratios (Mudawar and Bowers, 1999). Figure 6.9(b) shows

pressure drop is highest for the equal-jet-size pattern followed, respectively, by the

decreasing-jet-size and increasing-jet-size patterns.
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Figure 6.11 shows the variation of outlet fluid temperature with heat flux for the

three jet patterns at Q = 2.33 x 10-5 m3/s and Ti, = 0°C. These trends are consistent with

the earlier discussion concerning outlet surface and fluid temperatures. Figure 6.11

shows the decreasing-jet-size patterns produced the lowest temperatures followed,

respectively, by the equal-jet-size and increasing-jet-size patterns. Figure 6.12(a) shows

the variation of the area-averaged surface temperature with heat flux at Q = 7.50 t 0.1 x

10-6 m3/s and Ti, = -40'C. For the high flux data preceding CHF, lowest surface

temperatures are achieved with the decreasing-jet-size pattern followed by the equal-jet-

size and increasing jet-size patterns, respectively, in accordance with the trend captured

in Fig. 6.11 for outlet fluid temperature.

Figure 6.12(b) shows the heat transfer coefficient in the two-phase region

preceding CHF is also highest for the decreasing-jet-size pattern followed by the equal-

jet-size and increasing-jet-size patterns, respectively. This trend in consistent with the

above-mentioned (1) strong influence of single-phase liquid flow, and (2) the trend of

lowest wall and fluid outlet temperatures for the decreasing-jet-size pattern. Figure

6.12(b) shows the decreasing-jet-size pattern also produces the highest CHF because of

low void fraction and better access of subcooled bulk liquid to the wall.

Nonetheless, Fig. 6.12(b) shows heat transfer coefficient variations among jet

patterns are relatively small; those variations are quite significant for single-phase flow.

The present results point to the possibility of developing a universal two-phase heat

transfer coefficient correlation applicable to all three patterns.

6.4. Subcooled Nucleated Boiling Region

Several experimental studies have been conducted to investigate the effects of

impingement velocity and subcooling on two-phase heat transfer in the fully developed

boiling region. Ma and Bergles (1986) showed increasing the subcooling of an R-133 jet

caused a slight shift in the boiling data toward lower wall superheat. By varying

subcooling of a rectangular FC-72 jet from 10 to 40 'C, Mudawar and Wadsworth (1991)
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showed a delay in boiling inception, but the nucleate boiling data had no dependence on

subcooling.

Mudawar and Wadsworth (1991) also showed the nucleate boiling heat regime

was independent of jet velocity, an observation shared by Katto and Kunihiro (1973) for

circular jets. To derive an expression for the nucleate boiling heat transfer coefficient for

the present cooling scheme, the following relationship is assumed between heat flux and

wall superheat:
q" = CAT",,, (6.1)

where C and n are empirical constants. The subcooling effect is implicit in the above

relation since

q" =h(T,-T)=h(AT, +AT,,,). (6.2)

Combining Eqs. (6.1) and (6.2) yields

h qeff (6.3)

This expression reveals the two-phase heat transfer coefficient is a function of

both q" and AT,,b. The constants C and n were fitted experimentally from the present

IFE 7100 data, resulting in the correlation

h =q (6.4)
(6 )/352+ ATs,,b

Figure 6.13 and Figure 6.14 compares predictions of this correlation with the

present nucleate boiling data of different circular-jet-pattern configurations and slot jets,

respectively. Overall mean absolute error (MEA) of 6.59% and 5.66% demonstrates

excellent predictive capability for the present hybrid cooling scheme.

The two-phase heat transfer results of the present study point to many merits of

the new hybrid cooling scheme, as well as provide powerful tools for thermal design of a
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cooling module that utilizes this scheme. However, this study also points to new

important phenomena that should be carefully investigated in future work, especially that

of a subcooled flow undergoing successive cycles of rapid growth and collapse of

bubbles. This behavior is the subject of ongoing efforts by the authors.

6.5. Comparison of Two-Phase Performance of Two Hybrid Cooling Schemes

Overall, boiling curves in Figs. 6.1-6.6 demonstrate the circular jet pattern

provides significantly better cooling performance compared to the slot jet pattern. This

difference may be explained by drastic differences in the mechanisms of bubble

production and growth along the micro-channel for the circular jets and slot jet as

illustrated in Fig. 6.15(a) and 6.15(b), respectively. With the circular jets, liquid fed into

the micro-channel from the first jet (closest to the center of the micro-channel) undergoes

gradual bubble nucleation and growth. However, subcooled fluid from the second jet

causes rapid condensation and collapse of upstream bubbles. This pattern of bubble

growth and collapse is repeated along the micro-channel with relatively mild net overall

increase in vapor void fraction. On the other hand, coolant in the slot jet case is supplied

near the center of the micro-channel and loses subcooling faster than the micro-jets,

resulting in an appreciable increase in void fraction near the outlet. This loss of

subcooling reduces CHF for the slot jet relative to the circular jets.

6.6. Critical Heat Flux

Figure 6.16 shows CHF increases monotonically with jet velocity for each of four

subcooling cases. There is also a monotonic upward shift in CHF with increased

subcooling. Figure 6.16 shows q", _ Uj" 0.624. Interestingly, the velocity exponent is

between that for channel flow, q" - U°5 (Mudawar and Maddox, 1989), and confined

jets, q.- Uj, °7°- (Mudawar and Wadsworth, 1991). Clearly, both jet impingement and

channel flow influence CHF in the present hybrid cooling configuration. The next
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section will discuss means of assessing the contributions of each to the test module's

CHF.

6.6.1. Developing Homogeneous Layer Model

In conventional two-phase micro-channel flow, both quality and void fraction

increase monotonically along the micro-channel as liquid is gradually converted to vapor.

The present hybrid cooling configuration involves complex interactions between circular

jets and micro-channel flow, and unusual spatial variations of quality and void fraction.

As illustrated in Fig. 6.10(b), the flow pattern is symmetrical relative to the micro-

channel's centerline. On either side, jets supply subcooled liquid gradually into the

micro-channel, and the flow rate is not constant but increases along the flow direction. It

is therefore crucial to ascertain the spatial variations of the key flow parameters in order

to determine CHF for the entire module. Achieving this goal is complicated by the fact

that the flow along the micro-channel is mostly subcooled, and the liquid and vapor

phases do not maintain thermodynamic equilibrium. This precludes the use of

conventional parameters such as thermodynamic equilibrium quality to assess the spatial

variations of void fraction and flow velocity.

Recently, Lee and Mudawar (in review) introduced a new technique to determine

such spatial variations for subcooled two-phase flow in conventional micro-channels.

Using a Developing Homogeneous Layer Model (DHLM), the flow is described as

consisting of two layers, a homogeneous two-phase flow layer adjacent to the heated wall

and a subcooled liquid core, as illustrated in Fig. 6.17(a). The model also assumes that

because of the large density differences between liquid and vapor, the velocity of the

liquid layer is fairly constant along the micro-channel. Key DHLM equations that are

relevant to the present hybrid cooling configuration are discussed here. Further details of

the model development can be found in ref. (Lee and Mudawar, in review).

As illustrated in Fig. 6.17(b), mass conservation for a control volume of the

micro-channel flow between jets of length Az requires that
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Figure 6.17 (a) Cross-sectional representation of Developing Homogeneous Layer
Model (DHLM). (b) Mass conservation for liquid and homogeneous layer control

volumes. (c) Energy conservation for homogeneous layer control volume.
(d) Slide view representation of DHLM for hybrid cooling configuration.
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d(p+ Ki 0, (6.5)

dz

and d(GHJAH) Ki =0, (6.6)
dz

where U/f is the mean velocity of the liquid layer, Af the cross-sectional area of the liquid

layer, GH1 (=PHUH) the mass velocity of the homogeneous two-phase layer, UH the

mean velocity of the homogenous layer, AH the cross-sectional area of the homogeneous

layer, and Ki the rate of mass transfer from the liquid layer to the homogeneous layer per

unit distance.

As depicted in Fig. 6.17(c), energy conservation for the same control volume

should account for (i) the portion of the wall heat that increases the temperature of the

liquid mass transferred between the liquid layer and the homogeneous layer from Tf to

TI,t, and (ii) a second portion that increases the latent heat of the homogeneous layer.

dz

where hH is the enthalpy of the homogenous layer.

As illustrated in Fig. 6.17(a), the flow areas for the liquid layer and the

homogeneous layer can be expressed, respectively, as

Af = Wch(Hch -- 6), (6.8a)

and AH = WCh 6, (6.8b)

where d is the thickness of the homogeneous layer. The area derivatives with respect to z

can be expressed as

dIA f1= _Wh d6 (6.9a)
dz dz

addA n  d6
and W,h . (6.9b)

dz dz
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Combining Eqs. (6.6a), (6.6b), (6.9a) and (6.9b) and assuming the liquid layer is constant

between jets yield the following relation for the spatial variation of homogeneous layer

thickness:
6 dGH

d6 dz (6.10)dz (. f-G

As indicated earlier, because vapor is generated along the micro-channel in a

subcooled boiling region, thermodynamic equilibrium quality cannot be used to

determine the enthalpy of the two-phase layer. According to the DHLM, the enthalpy of

the homogeneous layer is expressed as

hH =hf + X'Hhfg, (6.11)

where X'H is an apparent flow quality. Lee and Mudawar (in review) tested two different

relations by Levy (1967) and Kroeger and Zuber (1968) to determine xH and found the

latter better suited for short micro-channels. The apparent flow quality according to the

Kroeger and Zuber model can be expressed as

X'H h cPJAT,bi(Z+ - T*)_ (6.12)

where Z+ Z - Z,d (6.13a)
Zsar - Zbd

T* =tanh Z, (6.13b)

and Zbd and zsa, are the axial locations corresponding to bubble departure and

thermodynamic equilibrium quality of unity, respectively.

By combining Eqs. (6.6a), (6.9a), (6.9b), (6.11), (6.12) with energy conservation

Eq. (6.7), the spatial variation of the homogeneous layer's mass velocity can be expressed

as
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Figure 6.18 Variations of homogeneous layer thickness and liquid layer velocity along

micro-channel for Ti,, = -20 'C at (a) Uje, = 3.2 m/s and (b) Uj = 6.1 m/s.
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d_ (U-G q" (Wh + 2W,,)-WCh6GH hA d H

dGH _ 1 UdHzeff(6.14)d

dZ Pf Uf W,hb[hH + c P f(7. -Tf)]614

The spatial variation of the homogeneous layer's thickness can be obtained by

substituting Eq. (6.14) into Eq. (6.10).

d6 qef(Wch+ 2W,)-Wch6GHh d x (1

_f dz (6.15)

dZ PfU[WcKh[hIJ+CPJ(7, ,T 1

Equations (6.14) and (6.15) are coupled ordinary differential equations. The

homogeneous layer's thickness must satisfy the following boundary conditions:

10 at z =-zMa bd (6.16)

H,h at z = z,,

The location of saturated boiling, z,ar, can be determined with the aid of a simple energy

balance.

l P U Wch Hch Cp, f(Ta, - T) (6.17)
q"f(Wch + 2W,,)

The location of bubble departure, Zbd, is calculated from

Z,,d =- z.., -Aub,.bd Pf 2-W-H C ' (6.18)

[Sal q"1 (W,h + 2W,) J

where ATsub, - qff (6.19)
hhdI

The heat transfer coefficient at bubble departure, hbd, in the micro-channel can be

determined using an iterative procedure that seeks to satisfy the boundary conditions of

the homogeneous layer's thickness given by Eq. (6.16).

The above DHLM development concerns the micro-channel segments between

jets. As illustrated in Fig. 6.17(d), the thickness, d, of the homogeneous layer increases

along the micro-channel until it encounters the next jet. This second jet deposits
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additional fluid, which increases the coolant's mass flow rate for the next micro-channel

segment. A new liquid layer velocity must be used for the second segment to account for

the jet fluid. This new velocity can be determined from mass conservation.

UchJ+ = Pf Urh, iWch (Hchn- bou,,i) + P1 Ujet Ajet (6.20)

p 1 h, (Hh,, - bin,i+1)

The heat transfer coefficient at bubble departure, hbd, is recalculated for the micro-

channel segment downstream from the jet using the updated liquid layer velocity to once

again satisfy the boundary conditions given by Eq. (6.16).

Figures 6.18(a) and 6.18(b) show predicted variations of liquid layer velocity and

homogeneous layer thickness along the micro-channel for Ti, = -20'C and Ujet = 3.2 and

6.1 m/s, respectively. In both cases, the liquid layer velocity increases along the micro-

channel. While the thickness of the homogenous layer increases between jets, its overall

magnitude decreases along the micro-channel. Comparing Figs. 6.18(a) and 6.18(b)

shows increasing the jet velocity, and therefore the coolant's flow rate, increase the

magnitude of liquid layer velocity and, to a lesser extent, decrease the thickness of the

homogenous layer.

As discussed in the next section, the liquid layer velocity given by Eq. (6.20) is

key to assessing the contribution of the micro-channel flow to CHF.

6.6.2. CHF Prediction Procedure

The strategy used in predicting CHF for the hybrid cooling configuration is to

superimpose the contributions of jet-impingement and micro-channel flow. In other

words, the heated area is divided into two potions, one dominated by jet impingement and

the other micro-channel flow. As illustrated in Fig. 6.19(a), the first portion consists of

the stagnation zones of the jets and surrounding vicinity, while the second is comprised

of the remaining micro-channel flow areas between jets.

To determine CHF for the hybrid cooling configuration, separate CHF

correlations are used for the jet-impingement and micro-channel portions of the heat wall.

For jet impingement, a correlation by Monde and Mitsutake (1996) is used.
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q,, 1+ .1 + 4CJa (6.21)
qmw'a 2

/ \0.645 0.343 -0.364

where ....... -- 0.221' 2 DjeI ) (6.22)
,Of ujei hj AP fJU. ei(1~ Deier

0. 5 OD e )2 -+ 0.364

2a

Ja = ( f (, ATk in (6.24)I hjs,g ,

\Pg /f

I is the characteristic length of the heated surface (the length of a square heater for single

jet case), and q", is C-IF based on the wetted area. This correlation is highly effective

for circular impinging jets since it is equally accurate at predicting data for a single jet or

multiple jets; it is also valid for coolants with drastically different thermophysical

properties. For systems involving multiple jets, Monde and Mitsutake (1996)

recommended that instead of representing the length of the heated surface, the

characteristic length, 1, in their CHF correlation be replaced by twice the longest length

between the center of a jet's stagnation zone and the edge of the portion of the heated

area that is impacted by the same jet. For the present hybrid cooling configuration, I is

set equal to twice the distance from the center of the jet's stagnation zone to the furthest

point along the micro-channel's sidewall.

.± = ( )+H2 (6.25)

For the micro-channel portion of the heated wall, the correlation by Bowers and

Mudawar (1996) is used because of its suitability to subcooled micro-channel flow. For

very short lengths, their correlation can be expressed as
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Figure 6.19 (a) Partitioning of one segment of the heated wall micro jet-impingement
and micro-channel flow portions. (b) Comparison of CHF data and predictions

based on CHF superpositioning scheme.
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q") -0.29 (02 c1 U..f ATb, 1,
MW =0.104 fI 1+0.4 (6.26)

P[fU hfg Pg U r~ hj A ~(.6

where q,, is CHF based on the channel's wetted area. For the hybrid cooling

configuration, the inlet velocity, U, and tube length, L, in Eq. (6.26) are replaced for each

micro-channel segment between jets by Uch.i and Let - Dji, respectively. The outlet

subcooling, DT,,,b,,, in Eq. (6.26) is calculated with assuming linearly increasing liquid

temperature from the center of micro-channel to the outlet based on measured inlet and

outlet module temperatures.

Once CHF values are determined for all the jet impingement and micro-channel

segments of the flow area, CHF for the entire test module is calculated by area-averaging

these values over the top test surface area, A,, of the module.

1 jetw -et]qw1udwa + r2(W + H,,)Dje, q"I~
[(W,,h+ 2Wi1,) L jet]q" = [2(W,,+h)( -De jt] M d War mlMond

& Bowers [4 j iusutake

(6.27)

Figure 6.19(b) shows the superpositioning technique is very effective at

predicting the HFE-7 100 CHF data, evidenced by a mean absolute error of 15.2%.
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CHAPTER 7. CONCLUSIONS

7.1. Selection of Cooling Geometry and Single-Phase Heat Transfer Characteristics

A new hybrid cooling scheme was developed that combines the benefits of both

micro-jet impingement and micro-channel flow. The performance of the cooling scheme

is further enhanced by indirect refrigeration cooling. Numerical analysis was used to

explore the effects of key parameters of the hybrid geometry for single-phase flow.

Preferred values of these parameters were used to design a test module that served to

validate the predicted performance using HFE 7100 as a working fluid. Key findings

from the study are as follows:

(1) The proposed cooling scheme involves complex interactions of circular impinging

jets with micro-channel flow. Numerical results show increasing jet velocity

allows jets to penetrate the micro-channel flow toward the surface, especially in

shallow micro-channels, greatly decreasing the average wall temperature.

(2) Excellent agreement between numerical predictions and temperature

measurements proves the standard k-E model is very effective at predicting the

heat transfer performance of the hybrid cooling scheme.

(3) For slot jets, heat conduction along the micro-channel sidewalls is especially

effective at relatively low impingement velocities. Increasing micro-channel

height for low velocities reduces the temperature gradient along the micro-

channel. Because of a stronger impingement effect, the influence of micro-

channel height at high Reynolds numbers is less significant. For fixed micro-

channel width and jet Reynolds number, decreasing jet width increases jet

velocity, reducing surface temperature. However, decreasing jet width also

increases surface temperature gradient along the micro-channel.
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(4) The hybrid micro-channel/slot jet module maintains a high degree of surface

temperature uniformity. Surface temperature gradients are below 2 'C for heat

fluxes up to 50 W/cm 2. Even without phase change, the hybrid module is capable

of dissipating very high heat fluxes. A heat flux of 305.9 W/cm 2 is achieved with

a jet velocity of 7.37 m/s and inlet temperature of -40 'C.

(5) A superpositioning technique is introduced that partitions the heat transfer surface

into zones that are each dominated by a different heat transfer mechanism, and

assigning a different heat transfer coefficient value to each zone. Using this

technique, new correlations for the three jet patterns and slot jets are developed

that predict the present HFE 7100 data with the mean absolute error of 5.26% and

3.43%, respectively.

7.2. Effect of Circular-Jet Patterns on Single-Phase Heat Transfer Characteristics

This study examined a hybrid thermal management scheme that combines the

cooling benefits of micro-channel flow and jet impingement. Indirect refrigeration

cooling is used to achieve low coolant temperatures in order to decrease wall temperature

during high-flux heat dissipation. Three micro-jet patterns are examined, decreasing-jet-

size, equal-jet-size and increasing-jet-size. The performance of each pattern is examined

experimentally and numerically using HFE 7100 as a working fluid. Key findings from

the study are as follows:

(1) A single-phase correlation is developed using a superpositioning technique that

assigns different heat transfer coefficient values to different regions of the micro-

channel based on the dominant heat transfer mechanism for each region. A single

correlation is found equally effective at fitting experimental data for all three

micro-jet patterns.

(2) The three hybrid module configurations involve complex interactions of

impinging jets with micro-channel flow. Increasing the flow rate (and therefore

jet speed) strengthens the contribution of jet impingement to the overall cooling
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performance, resulting in lower overall bottom wall temperatures. However, this

advantage is realized at the expense of greater wall temperature gradients.

(3) The highest convective heat transfer coefficients and lowest bottom wall

temperatures are achieved with the decreasing-jet-size pattern, rendering this

pattern most suitable for applications demanding high-heat-flux removal. The

equal-jet-size pattern provides the smallest gradients in bottom wall temperature;

this pattern is therefore better suited to devices demanding temperature

uniformity. The increasing-jet-size pattern produces complex flow patterns and

greater wall temperature gradients, which are caused by blockage of the spent

fluid by larger jets near the channel outlets.

7.3. Two-Phase Heat Transfer Characteristics

This study examined the two-phase cooling performance of the hybrid micro-

channel/micro-jet-impingement cooling scheme using HFE 7100 as a working fluid.

Experiments were performed to investigate the parametric trend of cooling performance

relative to jet velocity and fluid subcooling, as well as to obtain a correlation for two-

phase heat transfer coefficient. Key findings from this portion of the study are as

follows:

(1) Bubble nucleation, growth, departure, and coalescence along the micro-channel in

the hybrid scheme are fundamentally different from those encountered in

conventional micro-channels. In the hybrid scheme, subcooled jet fluid can cause

rapid condensation and collapse bubbles formed upstream. Therefore, this scheme

involves repeated regions of bubble growth followed by collapse, rather than the

continuous growth common to conventional micro-channel flow. By reducing void

fraction along the micro-channel, the hybrid scheme contributes greater wall

temperature uniformity.

(2) Increasing subcooling and/or flow rate delay the onset of boiling to higher heat

fluxes and higher wall temperatures. CHF also increases considerably with

increased subcooling as liquid is able absorb a large fraction of the supplied heat in

the form of sensible heat, and better condensation resists vapor blanket formation.

Boiling and Two-Phase Flow Laboratory



116

(3) The two-phase cooling performance of the circular jet pattern is superior to that of

the slot jet pattern, especially in terms of high-flux dissipation. Differences in

cooling performance between the two patterns are the result of drastically different

mechanisms of void fraction development along the micro-channel. The superior

performance of the circular pattern is realized with a repeated pattern of bubble

growth and collapse between jets that nets only a mild overall increase in vapor

void fraction. Cooling fluxes as high as 1,127 W/cm 2 were achieved with the

circular jet pattern without incurring CHF.

(4) A correlation for the nucleate boiling region, which accounts for subcooling, fits the

present HFE 7100 data of slot jets with a mean absolute error of 5.66%.

7.4. Effect of Circular-Jet Patterns on Two-Phase Heat Transfer Characteristics

This study examined a two-phase hybrid cooling scheme that combines the

cooling benefits of micro-channel flow and micro-jet impingement. Three micro-jet

patterns were examined, decreasing-jet-size, equal-jet-size and increasing-jet-size. The

performance of each pattern was examined experimentally using HFE 7100 as a working

fluid. Key findings from the study are as follows:

(1) The hybrid cooling configuration provides a two-phase cooling performance that is

free from the incipient boiling overshoot and temperature drop, which are prevalent

in many boiling situations involving low contact angle liquids. Furthermore,

virtually identical boiling curves are achieved by increasing and decreasing heat

flux, proving this configuration is void of nucleate boiling hysteresis. These

attributes render the hybrid cooling scheme highly effective for electronics cooling

applications.

(2) Feeding subcooled coolant into the micro-channel in a gradual manner greatly

reduces vapor growth along the micro-channel. Void fraction increases between

jets but decreases sharply beneath the jets. This creates an unusual pattern of void

fraction growth followed by coalesce, and a relatively mild overall increase along

the flow direction with predominantly liquid flow at outlet.
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(3) Pressure drop in the single-phase region decreases with increasing heat flux because

of decreasing liquid viscosity. However, unlike most flow boiling situations, where

pressure drop begins increasing in the nucleate boiling region, pressure drop in the

hybrid configuration continues decreasing and reaches a minimum just before CHF.

This behavior is closely related to the low void fraction and predominantly liquid

flow. Pressure drop in the two-phase region is highest for the equal-jet-size pattern,

followed by the decreasing-jet-size and increasing-jet-size patterns, respectively.

(4) Because of the mild void fraction, the hybrid cooling configuration is highly

effective at utilizing the bulk liquid subcooling to achieve high CFEF values. It is

postulated CHF mechanism is similar to that of Departure from Nucleate Boiling

(DNB) encountered in channel flow with high flow rates, high subcoolings and

small length-to-diameter ratios. Highest CHF values are achieved with the

decreasing-jet-size pattern because this pattern yields the highest outlet subcooling.

(5) A single correlation is constructed for the three jet patterns, which relates the two-

phase heat transfer coefficient to heat flux and wall superheat. The correlation

predicts the two-phase HFE 7100 data with a mean absolute error of 6.59%.

7.5. Critical Heat Flux

This study examined the two-phase heat transfer performance of a hybrid cooling

scheme that combines the cooling attributes of micro-channel flow and jet impingement.

A test module was constructed and tested using highly subcooled HFE-7100 to explore

nucleate boiling and CHF trends. A two-phase flow model was used to ascertain liquid

velocity variations along the micro-channel. Using the calculated velocities, a

superpositioning technique was developed to determine CHF for the hybrid cooling

configuration. Key findings from the study are as follows:

(1) Increasing flow rate and/or subcoolings increase both the onset of boiling (ONB)

and CHIF to higher heat fluxes and higher temperatures. However, data appear to

converge in the nucleate boiling region. The highest CHF value of 1,080 W/cm 2

was measured for a jet velocity of 5.70 m/s and inlet temperature of -20'C. The
2

upper heat flux value measured in this study is 1,127 W/cm , which corresponds to
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a jet velocity of 6.50 m/s and -20'C inlet temperature; this test was intentionally

aborted prior to CHF to protect the test module against burnout. To the authors'

knowledge, these heat flux values are the highest ever achieved with a dielectric

coolant at near atmospheric pressure.

(2) The hybrid cooling configuration involves complex interactions between circular

jets and micro-channel flow, and unusual spatial variations of quality and void

fraction. With the subcooled liquid supplied gradually by the jets, the flow rate is

not constant, but increases along the micro-channel. Following the assumptions of

the Developing Homogeneous Layer Model (DHLM), the micro-channel flow is

described at consisting of a homogeneous two-phase layer along the heated wall

and a bulk liquid layer. This model is highly effective at determining the complex

liquid velocity variations along the micro-channel.

(3) CHF is determined with a superpositioning technique that consists of dividing the

heated wall into two portions, one dominated by jet impingement and the other

micro-channel flow. This technique utilizes the DHLM to determine liquid velocity

for each segment of the micro-channel between jets. A prior CHF correlation by

Monde and Mitsutake is applied to the jet-impingement portion, and another CHF

correlation by Bowers and Mudawar to the micro-channel portion. This

superpositioning technique is shown to be highly effective at predicting the CHF

data for the hybrid cooling configuration.
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Appendix A. HFE 7100 Properties

The entire saturated and liquid HFE 7100 property data is presented in tabulated

form in Appendix A. The nomenclature used for the column headings is defined as

follows:

Psat Saturation pressure

T.sat Saturation temperature at P ,

Tf Liquid temperature

hfg Latent heat of vaporization

Cp,f Specific heat at constant pressure

Pf Liquid density

P9g Vapor density

Itf Liquid viscosity

kf Liquid conductivity

Prf Liquid Prandtl number

a Surface tension

Boiling and Two-Phase Flow Laboratory



126

Table A.I Saturated lIFE 7100 property data.

P. kPal T. ITI h.,IkJ/kg c,, [kJ/kg-KI pkg/m' p,kWm'l p, Ikg/nvs k, IWin'KI Pr, a IN/mI

103.6 61.00 111.89 1.2550 1370.20 9.87 0.0003528 0.06178 7.17 0.011693
150 73.07 107.66 1.2791 1335.19 14.08 0.0003119 0.05942 6.71 0.010651
200 83.12 104.06 1.2992 1304.18 16.58 0.0002834 0.05745 6.41 0.009782
250 91.36 101.11 1.3157 1279.66 23.11 0.0002635 0.05684 6.21 0.009069

300 98.40 98.44 1.3298 1258.37 27.68 0.0002483 0.05446 6.06 0.008459
350 104.58 96.01 1.3422 1238.58 32.28 0.0002362 0.05326 5.95 0.007924

400 110.09 93.79 1.3532 1221.24 36.94 0.0002262 0.05216 5.86 0.007445
450 115.09 91.77 1.3632 1204.88 41.68 0.0002177 0.05120 5.79 0.007011
500 119.67 89.72 1.3723 1189.41 46.48 0.0002103 0.05031 5.74 0.006613
550 123.91 67.85 1.3808 1174.74 51.37 0.0002038 0.04048 5.69 0.006245

600 127.84 85.96 1.3887 1160.96 56.33 0.0001980 0.04871 5.65 0.005903
650 131.54 84.11 1.3961 1147.28 61.40 0.0001928 0.04799 5.61 0.005581

700 135.01 82.50 1.4030 1134.35 66.55 0.0001880 0.04731 5.58 0.005279
750 138.29 60.81 1.4096 1122.24 71.62 0.0001637 0.04667 5.55 0.004994

800 141.40 79.25 1.4158 1110.23 77.19 0.0001797 0.04606 5.52 0.004723
850 144.35 77.62 1.4217 1098.48 82.70 0.0001760 0.04548 5.50 0.004465

900 147.19 75.96 1.4274 1086.64 88.33 0.0001724 0.04493 5.48 0.004218
950 149.89 74.33 1.4328 1075.39 94.12 0.0001691 0.04440 5.46 0.003983

1000 152.47 72.73 1.4379 1064.12 100.03 0.0001659 0.04389 5.44 0.003757
1050 154.96 71.33 1.4429 1053.27 106.09 0.0001630 0.04341 5.42 0.003540

1100 157.35 69.77 1.4477 1042.31 112.36 0.0001601 0.04294 5.40 0.003332
1150 159.65 68.06 1.4523 1031.16 118.82 0.0001573 0.04249 5.38 0.003131
1200 161.88 66.50 1.4568 1020.35 125.48 0.0001547 0.04206 5.36 0.002936
1250 164.03 64.90 1.4611 1009.33 132.36 0.0001521 0.04164 5.34 0.002748

1300 166.11 63.42 1.4652 998.36 139.48 0.0001496 0.04123 5.32 0.002567
1350 168.13 61.80 1.4693 987.42 146,88 0.0001471 0.04083 5.29 0.002390

1400 170.09 60.14 1.4732 976.26 154.58 0.0001447 0.04045 5.27 0.002219
1450 171.99 5.52 1.4770 964.97 162.60 0.0001424 0.04008 5.25 0.002053

1500 173.83 58.77 1.4807 953.42 171.00 0.0001400 0.03972 5.22 0.001892

1550 175.63 55.03 1.4843 941.68 179.80 0.0001377 0.03937 5.19 0.001735
1600 177.38 53.33 1.4878 929.77 189.06 0.0001354 0.03903 5.16 0.001582

1650 179.08 51.61 1.4912 917.45 198.83 0.0001330 0.03869 5.13 0.001433

1700 180.74 49.50 1.4945 904.54 209.31 0.0001307 0.03837 5.09 0.001288

1750 182.35 47.62 1.4977 891.03 220.57 0.0001283 0.03805 5.05 0.001147

1800 183.93 45.48 1.5009 876.90 232.71 0.000128 0.03775 5.00 0.001009

1850 185.47 43.08 1.5039 862.00 245.87 0.0001232 0.03744 4.95 0.000874

1900 186.97 40.53 1.5069 646.18 260.15 0.0001206 0.03715 4.89 0.000742

1950 188.43 37.92 1.5099 828.34 276.82 0.0001177 0.03687 4.82 0.000615

2000 189.86 34.92 1.5127 808.52 295.90 0.0001145 0.03659 4.73 0.000489

2050 191.27 31.55 1.5155 786.16 317.95 0.0001110 0.03631 4.63 0.000366

2110 192.91 26.82 1.5188 752.89 351.63 0.0001060 0.03599 4.47 0.000223

2150 193.96 21.36 1.5209 716.71 390.50 0.0001007 0.03578 4.28 0.000130

2189.3 195.00 15.79 1.5230 679.90 430.19 0.0000953 0.03558 4.08 0.000039
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Table A.2 Liquid HFE 7100 property data.

T, [°CI p, [kg/ml c,, [kJ/kg-KI V, Jkg/nvs] k, tW/m'KI Pr,

-110 1892.20 913.00 0.0858317 0.09522 823.01

-100 1864.10 933.00 0.0296337 0.09326 296.46

-90 1836.00 953.00 0.0136587 0.09131 142.56

-80 1807.90 973.00 0.0075951 0.08935 82.71

-70 1779.80 993.00 0.0047940 0.08740 54.47

-60 1751.70 1013.00 0.0033072 0.08544 39.21

-50 1723.60 1033.00 0.0024286 0.08349 30.05
-40 1695.50 1053.00 0.0018627 0.08153 24.06

-30 1667.40 1073.00 0.0014741 0.07958 19.88

-20 1639.30 1093.00 0.0011943 0.07762 16.82

-10 1611.20 1113.00 0.0009858 0.07567 14.50

0 1583.10 1133.00 0.0008265 0.07371 12.70

10 1555.00 1153.00 0.0007023 0.07176 11.28

25 1512.85 1173.00 0.0005627 0.06980 9.46

35 1484.75 1193.00 0.0004920 0.06785 8.65

45 1456.65 1213.00 0.0004346 0.06589 8.00

55 1428.55 1233.00 0.0003874 0.06394 7.47
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Appendix B. Single-Phase and Two-Phase Data

The entire datadase for single-phase and two-phase experiments is presented in

tabulated form in Appendix B including the single-phase nucleate boiling portions of the

boiling curve and CHF. The nomenclature used for the column headings is defined as

follows:

PSIA Absolute pressure at inlet

PSID Pressure drop from nozzle inlet to channel outlet

Tsub Degree of fluid subcooling, Ti,, - Ts,,,

Tin Fluid temperature at inlet

TI First point temperature measured at thermocouple plate

T2 Second point temperature measured at thermocouple plate

T3 Third point temperature measured at thermocouple plate

T4 Outermost temperature measured at thermocouple plate

Tsurf I -D corrected area-weighted average surface temperature

Velocity Jet velocity, UjI,

D elta T T wj., - Ti,,

Flux Heat flux at the heated surface based on power input and the

surface area
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Table B.1 Single-phase and two-phase experimental data for slot jets.

PSIA PSID Tsub Tin TI T2 T3 T4 Tsurf Velocity Delta T Flux

19.02 0.01 48.20 20.00 34.79 34.85 34.90 35.08 34.92 0.43 14.92 11.50

19.02 0.03 48.14 20.06 52.46 52.74 52.75 53.08 52.79 0.43 32.73 25.82

18.92 0.03 48.16 20.04 64.93 65.31 65.77 66.05 65.58 0.43 45.53 43.38

18.96 -0.01 48.22 19.98 74.56 75.09 76.08 76.41 75.64 0.43 55.66 63.16

19.13 0.04 48.06 20.14 83.37 84.25 85.50 86.32 85.01 0.43 64.87 85.16

19.61 1.00 48.22 19.98 92.46 91.66 94.02 94.53 93.20 0.43 73.23 108.21

18.65 -0.18 48.18 20.02 99.31 99.13 101.34 101.74 100.47 0.43 80.45 126.87

18.83 -0.39 48.17 20.03 104.79 104.77 107.08 108.10 106.30 0.43 86.27 143.35

19.45 0.28 48.09 20.11 109.04 108.97 111.70 112.79 110.76 0.43 90.65 155.38

CHF 213.21

18.95 0.04 68.18 -0.08 27.19 27.38 27.43 27.61 27.43 0.42 27.51 18.23

19.09 0.03 68.18 -0.08 44.39 44.67 44.79 45.07 44.76 0.42 44.85 31.41

18.97 0.04 68.17 -0.07 62.81 63.42 63.78 64.11 63.61 0.42 63.68 51.18

18.96 0.04 68.14 -0.04 73.19 73.96 75.05 75.48 74.55 0.42 74.60 76.45

18.98 0.10 68.26 -0.16 82.65 82.42 84.13 84.49 83.49 0.42 83.65 101.70

1 19.26 0.09 68.12 -0.02 93.20 93.18 95.52 96.12 94.62 0.42 94.64 132.41

19.15 0.33 68.14 -0.04 103.98 104.00 106.40 107.48 105.59 0.42 105.63 156.53

19.35 0.29 67.97 0.13 113.02 113.12 115.64 117.17 114.87 0.42 114.75 176.34

CHF 186.24

19.07 0.04 88.55 -20.45 10.72 10.89 11.03 10.97 10.93 0.41 31.37 19.22

1 19.02 0.03 88.35 -20.25 32.95 33.27 33.44 33.62 33.36 0.41 53.61 34.63

19.05 0.03 88.14 -20.04 55.71 56.18 56.37 56.75 56.31 0.41 76.35 52.22

19.09 0.04 87.90 -19.80 67.32 67.91 68.54 69.14 68.32 0.41 88.11 74.21

19.10 0.03 88.19 -20.09 76.10 76.79 77.90 78.84 77.53 0.41 97.62 98.36

18.90 0.00 88.13 -20.03 85.38 85.37 87.31 86.33 86.19 0.41 106.23 125.82

19.18 0.08 88.04 -19.94 94.79 94.55 97.41 97.50 96.18 0.41 116.13 153.26

19.04 0.04 88.47 -20.37 103.55 103.34 106.96 107.38 105.47 0.41 125.84 180.68

19.07 0.20 88.39 -20.29 115.51 115.62 118.67 120.21 117.66 0.41 137.96 201.53

CHF 222.38

19.09 0.03 108.55 -40.55 -6.64 -6.43 -6.36 -6.61 -6.49 0.40 34.07 15.90

18.90 0.03 108.14 -40.14 16.88 17.22 17.39 17.51 17.29 0.40 57.43 32.41

19.02 0.02 108.47 -40.47 41.37 41.89 42.09 42.34 41.98 0.40 82.46 48.92

18.89 0.02 107.01 -39.01 65.49 66.16 66.36 66.77 66.27 0.40 105.28 66.51

18.85 0.04 107.77 -39.77 72.23 72.97 73.31 74.06 73.23 0.40 113.00 85.19

18.93 0.04 106.55 -38.55 78.31 78.22 79.67 78.23 78.67 0.40 117.22 108.23

18.90 0.05 106.29 -38.29 83.50 83.72 85.13 83.71 84.11 0.40 122.40 130.21

18.91 0.03 106.52 -38.52 92.04 92.36 94.28 95.22 93.60 0.40 132.12 159.82

CHF 18.97 0.04 107.84 -39.84 100.42 100.33 103.80 104.34 102.38 0.40 142.22 187.25

19.18 0.04 107.15 -39.15 107.54 107.54 111.53 112.09 109.87 0.40 149.02 208.09

19.22 0.08 107.63 -39.63 113.77 113.71 118.03 119.09 116.36 0.40 155.99 226.80

19.03 0.16 107.12 -39.12 122.93 122.95 127.14 128.33 125.55 0.40 164.67 245.46
254.80
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Table B.I Continued.

PSIA PSID Tsub Tin T1 T2 T3 T4 Tsurf Velocity Delta T Flux

19.05 0.17 48.29 18.87 30.65 30.71 30.74 30.87 30.10 0.85 11.23 10.14

19.08 0.22 48.17 18.86 41.35 41.51 41.64 41.66 40.25 0.85 21.38 20.58
19.08 0.14 48.14 18.94 52.65 52.92 53.15 53.11 50.97 0.85 32.03 31.83
19.08 0.17 48.05 18.91 63.01 63.42 63.78 63.77 60.82 0.85 41.91 42.80
19.11 0.11 48.03 19.00 68.21 68.64 69.27 69.31 65.47 0.85 46.47 54.32

19.13 0.15 48.17 18.97 74.23 74.75 75.70 75.78 70.75 0.85 51.77 69.97
19.02 0.15 48.10 18.87 79.41 80.16 81.15 81.89 75.24 0.85 56.37 86.73
19.03 0.15 48.12 18.88 84.15 84.51 85.71 85.80 78.73 0.85 59.85 100.45
19.10 0.16 48.00 18.94 89.27 89.55 91.26 91.10 82.98 0.85 64.04 116.35
19.13 0.14 48.11 18.99 93.56 93.72 96.07 96.07 86.52 0.85 67.53 132.78
19.00 0.09 47.99 18.91 97.58 97.63 100.64 100.79 89.86 0.85 70.95 148.13
18.98 0.20 48.22 18.78 101.11 101.13 104.58 104.80 92.79 0.85 74.01 161.30
19.20 0.22 48.07 18.98 103.88 103.87 107.67 108.13 95.15 0.85 76.17 171.16

19.20 0.14 48.14 19.06 106.07 106.04 110.18 110.61 97.08 0.85 78.03 177.77
19.35 0.23 48.28 19.12 109.38 109.27 113.80 114.24 99.78 0.85 80.66 189.80
19.12 0.02 48.02 19.10 114.76 114.53 119.09 119.07 104.32 0.85 85.22 199.71

CHF 204.67

18.99 0.10 68.37 -0.07 8.50 8.60 8.65 8.74 8.31 0.83 8.38 5.14

19.06 0.08 68.20 0.10 17.08 17.31 17.41 17.54 16.47 0.83 16.37 13.93

19.05 0.10 68.26 0.04 27.91 28.33 28.45 28.61 26.80 0.83 26.76 24.64

19.08 0.08 68.24 0.06 37.04 37.56 37.76 37.91 35.48 0.83 35.41 33.69

19.17 0.09 68.32 -0.02 44.96 45.56 45.80 45.99 43.04 0.83 43.06 40.82

19.15 0.10 68.39 -0.09 53.66 54.10 54.36 54.64 51.12 0.83 51.21 49.04

19.16 0.09 68.41 -0.11 60,91 61.35 61.60 61.94 57.64 0.83 57.75 60.57

19.14 0.10 68.41 -0.11 65.91 66.30 66.62 67.06 61.82 0.83 61.93 73.78

18.97 0.09 68.41 -0,11 71.04 71.38 71.89 72.52 65.99 0.83 66.10 90.52

19.10 0.11 68.25 0.05 77.03 77.38 78.10 79.01 71.14 0.83 71.09 106.75

19.11 0.12 68.18 0.12 80.68 81.05 81.96 82.94 74.24 0.83 74.11 117.55

19.08 0.10 68.31 -0.01 85.33 85.65 86.70 87.93 78.00 0.83 78.01 133.00

19.12 0.09 68.31 -0.01 90.74 90.89 92.42 93.84 82.16 0.83 82.17 155.25

19.29 0.10 68.27 0.03 97.43 97.27 100.03 101.30 87.44 0.83 87.41 183.20

19.22 0.11 68.31 -0.01 101.39 101.15 104.55 105.88 90.62 0.83 90.63 200.00

19.19 0.13 68.33 -0.03 105.99 105.65 109.84 110.88 94.33 0.83 94.36 218.40

19.49 0.11 68,17 0.13 112.27 111.29 116.38 117.54 99.53 0.83 99.40 235.00

CHF 243.30

19.07 0.07 88.40 -20.20 -3.42 -3.28 -3.30 -3.10 -3.98 0.81 16.22 11.23
19.01 0.08 88.26 -20.06 6.71 6.99 6.94 7.18 5.65 0.81 25.71 20.84

18.96 0.05 88.27 -20.07 19.26 19.63 19.67 20.01 17.61 0.81 37.68 32.36
18.94 0.07 88.33 -20.13 30.19 30.67 30.72 31.18 28.01 0.81 48.14 42.78
19.12 0.06 88.30 -20.10 42.77 43.37 43.50 44.03 40.00 0.81 60.10 54.58

19.04 0.08 88.27 -20.07 55.75 56.42 56.68 57.26 52.34 0.81 72.41 66.92

19.04 0.08 88.21 -20.01 63.55 64.28 64.51 65.25 59.53 0.81 79.54 77.66
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Table B.1 Continued.

PSIA PSID Tsub Tin T1 T2 T3 T4 Tsurf Velocity Delta T Flux

19.05 0.17 48.29 18.87 30.65 30.71 30.74 30.87 30.10 0.85 11.23 10.14

19.08 0.22 48.17 18.86 41.35 41.51 41.64 41.66 40.25 0.85 21.38 20.58

19.08 0.14 48.14 18.94 52.65 52.92 53.15 53.11 50.97 0.85 32.03 31.83

1 19.08 0.17 48.05 18.91 63.01 63.42 63.78 63.77 60.82 0.85 41.91 42.80

19.11 0.11 48.03 19.00 68.21 68.64 69.27 69.31 65.47 0.85 46.47 54.32

19.13 0.15 48.17 18.97 74.23 74.75 75.70 75.78 70.75 0.85 51.77 69.97

19.02 0.15 48.10 18.87 79.41 80.16 81.15 81.89 75.24 0.85 56.37 86.73

19.03 0.15 48.12 18.88 84.15 84.51 85.71 85.80 78.73 0.85 59.85 100.45

19.10 0.16 48.00 18.94 89.27 89.55 91.26 91.10 82.98 0.85 64.04 116.35

19.13 0.14 48.11 18.99 93.56 93.72 96.07 96.07 86.52 0.85 67.53 132.78
19.00 0.09 47.99 18.91 97.58 97.63 100.64 100.79 89.86 0.85 70.95 148.13

18.98 0.20 48.22 18.78 101.11 101.13 104.58 104.80 92.79 0.85 74.01 161.30

19.20 0.22 48.07 18.98 103.88 103.87 107.67 108.13 95.15 0.85 76.17 171.16

19.20 0.14 48.14 19.06 106.07 106.04 110.18 110.61 97.08 0.85 78.03 177.77

19.35 0.23 48.28 19.12 109.38 109.27 113.80 114.24 99.78 0.85 80.66 189.80

19.12 0.02 48.02 19.10 114.76 114.53 119.09 119.07 104.32 0.85 85.22 199.71

CHF 204.67

18.99 0.10 68.37 -0.07 8.50 8.60 8.65 8.74 8.31 0.83 8.38 5.14

19.06 0.08 68.20 0.10 17.08 17.31 17.41 17.54 16.47 0.83 16.37 13.93

19.05 0.10 68.26 0.04 27.91 28.33 28.45 28.61 26.80 0.83 26.76 24.64

19.08 0.08 68.24 0.06 37.04 37.56 37.76 37.91 35.48 0.83 35.41 33.69

19.17 0.09 68.32 -0.02 44.96 45.56 45.80 45.99 43.04 0.83 43.06 40.82

19.15 0.10 68.39 -0.09 53.66 54.10 54.36 54.64 51.12 0.83 51.21 49.04

19.16 0.09 68.41 -0.11 60.91 61.35 61.60 61.94 57.64 0.83 57.75 60.57

19.14 0.10 68.41 -0.11 65.91 66.30 66.62 67.06 61.82 0.83 61.93 73,78

18.97 0.09 68.41 -0.11 71.04 71.38 71.89 72.52 65.99 0.83 66.10 90.52

19.10 0.11 68.25 0.05 77.03 77.38 78.10 79.01 71.14 0.83 71.09 106.75

19.11 0.12 68.18 0.12 80.68 81.05 81.96 82.94 74.24 0.83 74.11 117.55

19.08 0.10 68.31 -0.01 85.33 85.65 86.70 87.93 78.00 0.83 78.01 133.00

19.12 0.09 68.31 -0.01 90.74 90.89 92.42 93.84 82.16 0.83 82.17 155.25

19.29 0.10 68.27 0.03 97.43 97.27 100.03 101.30 87.44 0.83 87.41 183.20

19.22 0.11 68.31 -0.01 101.39 101.15 104.55 105.88 90.62 0.83 90.63 200.00

19.19 0.13 68.33 -0.03 105.99 105.65 109.84 110.88 94.33 0.83 94.36 218.40

19.49 0.11 68,17 0.13 112.27 111.29 116.38 117.54 99.53 0.83 99.40 235.00

CHF 243.30

19.07 0.07 88.40 -20.20 -3.42 -3.28 -3.30 -3.10 -3.98 0.81 16.22 11.23

19.01 0.08 88.26 -20.06 6.71 6.99 6.94 7.18 5.65 0.81 25.71 20.84

18.96 0.05 88.27 -20.07 19.26 19.63 19.67 20.01 17.61 0.81 37.68 32.36

18.94 0.07 88.33 -20.13 30.19 30.67 30.72 31.18 28.01 0.81 48.14 42.78

19.12 0.06 88.30 -20.10 42.77 43.37 43.50 44.03 40.00 0.81 60.10 54.58

19.04 0.08 88.27 -20.07 55.75 56.42 56.68 57.26 52.34 0.81 72.41 66.92

19.04 0.08 88.21 -20.01 63.55 64.28 64.51 65.25 59.53 0.81 79.54 77.66
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Table B. I Continued.

PSIA PSID Tsub Tin TI T2 T3 T4 Tsurf Velocity Delta T Flux

19.02 0.06 88.30 -20.10 67.80 68.48 69.02 69,92 62.91 0.81 83.01 93.85

19.01 0.08 88.27 -20.07 73.29 73.93 74.73 76.06 67.40 0.81 87.47 112.95

19.08 0.08 88.30 -20.10 78.33 79.09 80.12 81.68 71.67 0.81 91.77 129.42

19.06 0.06 88.24 -20.04 84.38 85.13 86.58 88.56 76.72 0.81 96.77 150.25

1 19.04 0.07 88.18 -19.98 89.22 89.99 91.69 94.05 80.69 0.81 100.67 167.81

19.08 0.06 88.16 -19.96 93.27 94.09 96.28 98.78 84.04 0.81 103.99 184.26

19.10 0.08 88.16 -19.96 96.67 97.60 100.27 102.75 88.81 0.81 106.77 199.61

19.11 0.07 88.22 -20.02 100.56 101.34 104.65 107.09 89.86 0.81 109.88 216.11

19.08 0.06 88.16 -19.96 105.61 106.43 110.35 113.07 94.02 0.81 113.98 236.93
19.07 0.09 88.32 -20.12 110.25 111.12 115.69 118.29 97.91 0.81 118.03 254.49

18.79 0.13 88.18 -19.98 113.25 114.21 119.19 121.66 100.55 0.81 120.53 264.39

19.15 0.08 88.19 -19.99 115.13 116.40 120.92 124.22 102.08 0.81 122.08 273.18

19.15 0.08 88.32 -20.12 117.71 119.02 123.40 126.97 104.20 0.81 124.32 280.89

19.21 0.14 88.16 -19.96 124.37 125.71 130.93 134.15 109.99 0.81 129.96 300.72

CHF 310.64

19.07 0.11 108.08 -39.98 -15.16 -15.06 -15.01 -14.79 -15.97 0.79 24.01 15.31

19.08 0.12 108.11 -40.01 -3.60 -3.42 -3.28 -3.05 -4.94 0.79 35.07 25.47

19.10 0.11 108.20 -40.10 8.16 8.36 8.64 8.87 6.27 0.79 46.36 35.61

19.12 0.11 108.26 -40.16 18.98 19.29 19.61 19.89 16.57 0.79 56.73 45.76

19.10 0.10 108.20 -40.10 35.16 35.59 36.00 36.35 31.97 0.79 72.07 60.58

19.10 0.11 108.21 -40.11 51.50 52.01 52.54 52.95 47.46 0.79 87.58 76.25

19.03 0.10 108.09 -39.99 62.74 63.26 63.90 64.29 58.10 0.79 98.09 86.67

19.08 0.10 108.20 -40.10 69.13 69.59 70.18 70.71 63.38 0.79 103.48 103.35

19.05 0.12 108.09 -39.99 73.49 73.75 74.68 75.50 66.48 0.79 106.46 124.60

19.06 0.10 108.24 -40.14 77.90 78.07 79.30 80.33 70.10 0.79 110.23 139.18

19.01 0.10 108.31 -40.21 82.57 82.72 84.12 85.38 73.85 0.79 114.06 155.60

19.05 0.10 108.26 -40.16 86.72 86.82 88.49 89.97 77.18 0.79 117.34 170.97

19.07 0.10 108.23 -40.13 90.62 90.68 92.54 94.32 80.32 0.79 120.45 185.22

19.17 0.09 107.89 -39.79 94.12 94.16 96.20 98.21 83.05 0.79 122.84 199.49

19.17 0.10 107.99 -39.89 98.18 98.10 100.81 102.66 86.28 0.79 126.17 215.99

19.22 0.11 108.10 -40.00 101.99 101.76 105.13 106.90 89.39 0.79 129.39 230.28

19.01 0.14 108.27 -40.17 105.05 104.89 108.50 110.65 91.76 0.79 131.93 245.62

19.09 0.12 108.08 -39.98 107.85 107.82 111.53 114.02 94.25 0.79 134.23 254.39

19.07 0.13 108.16 -40.06 111.41 111.40 115.49 118.16 97.10 0.79 137.16 269.79

19.10 0.11 108.32 -40.22 114.36 114.23 118.90 121.34 99.44 0.79 139.66 281.86

18.84 0.11 108.04 -39.94 118.97 118.87 123.93 126.53 103.20 0.79 143.14 299.52

CHF 308.35

19.12 0.17 127.72 -59.92 -16.54 -16.32 -16.04 -22.37 -19.46 0.78 40.46 26.30

19.01 0.18 127.47 -59.67 11.41 11.70 12.15 12.16 8.75 0.78 68.42 49.36

18.94 0.16 127.89 -60.09 42.67 42.97 43.74 44.26 38.58 0.78 98.66 76.83

19.02 0.16 127.65 -59.85 70.13 70.52 71.58 72.60 64.85 0.78 124.70 100.99
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Table B.1 Continued.

PSIA PSID Tsub Tin Ti T2 T3 T4 Tsurf Velocity Delta T Flux

19.04 0.15 127.77 -59.97 81.30 82.35 82,84 80.90 73.85 0.78 133.83 127.32

18.94 0.14 127.73 -59.93 85.99 86.95 87.32 82.95 76.39 0.78 136.33 149.24

18.95 0.16 127.96 -60.16 91.36 92.11 93.13 89.10 80.42 0.78 140.58 174.48

19.00 0.16 128.24 -60.44 96.97 97.61 99.26 96.72 84.76 0.78 145.20 204.11

19.04 0.17 127.75 -59.96 102.33 103.00 105.25 104.99 89.57 0.78 149.52 227.17

18.92 0.15 127.87 -60.07 106.94 107.66 110.74 111.96 93.51 0,78 153.59 251.30

18.89 0.16 127.77 -59.97 112.02 112.88 116.52 118.31 97.55 0.78 157.53 276.57

18.82 0.24 127.68 -59.88 116.71 117.64 121.77 123.94 101.47 0.78 161.35 295.36

20.10 1.18 48.03 19.77 27.15 27.20 27.34 27.51 26.56 2.54 6.79 11.78

20.10 1.34 47.85 19.95 34,30 34.48 34.75 34.99 33.16 2.54 13.20 23.59

20.15 1.35 47.89 19.91 41.29 41.55 41.88 42.24 39.52 2.54 19.61 35.39

20.13 1.33 47.96 19.84 49.55 49.89 50.40 50.83 47.09 2.54 27.25 49.10

20.11 1.32 48.18 19.62 59.92 60.32 61.23 61.65 56.59 2.54 36.97 66.95

20.04 1.39 47.83 19.97 68.39 68.92 69.99 70.57 64.35 2.54 44.38 81.79

20.12 1.35 47.91 19.89 76.17 76.83 78.00 78.80 71.39 2.54 51.50 96.88

20.02 1.29 47.79 20.01 80.45 81.28 82.33 83.57 74.90 2.54 54.89 111.93

20.04 1.17 47.84 19.96 84.95 85.95 87.28 88.71 78.62 2.54 58.67 129.50

20.02 1.25 47.65 20.15 89.79 90.79 92.64 94.45 82.37 2.54 62.22 152.52

20.04 1.21 48.05 19.75 96.20 94.97 97.68 99.67 85.93 2.54 66.17 173.40

20,05 1.31 47.87 19.93 99.49 99.66 102.26 104.57 89.25 2.54 69.32 194.21

20.03 1.35 47.70 20.10 103.66 104.16 106.91 109.49 92.37 2.54 72.27 217.32

19.94 1.18 47.86 19.94 106.58 107.10 110.27 113.12 94.56 2.54 74.62 233.73

20.01 1.25 47.82 19.98 109.78 110.37 113.95 117.02 97.05 2.54 77.06 250.22

20.05 1.25 47.96 19.84 113.21 113.89 117.87 121.16 99.57 2.54 79.73 269.99

20.11 1.24 47.88 19.92 114.91 115.58 119.99 123.00 100.94 2.54 81.02 277.67

20.24 1.18 68.04 0.06 8.32 8.39 8.51 8.73 7.75 2.47 7.69 11.77

20.24 1.18 68.19 -0.09 14.43 14.56 14.79 15.09 13.36 2.47 13.46 21.65

20.20 1.19 68.06 0.04 21.02 21.24 21.51 21.97 19.43 2.47 19.39 32.08

20.11 1.19 68.10 0.00 31.97 32.34 32.80 33.42 29.50 2.47 29.50 49.91

20.14 1.17 68.34 -0.24 44.30 44.80 45.86 46.36 40.92 2.47 41.16 70.79

20.14 1.17 68.36 -0.26 53.11 53.74 54.54 55.58 48.88 2.47 49.14 85.61

20.13 1.18 68.17 -0.07 62.25 63.00 63.93 65.15 57.28 2.47 57.35 100.71

20.08 1.17 68.04 0.06 70.51 71.50 72.32 73.97 64.72 2.47 64.66 117.37

20.10 1.13 68.25 -0.15 76.59 77.60 78.54 80.40 69.89 2.47 70.03 133.84

20.14 1.13 67.97 0.13 82.31 83.32 84.60 86.65 74.44 2.47 74.32 155.76

20.10 1.15 67.92 0.18 88.11 89.20 90.75 93.26 79.04 2.47 78.86 179.88

20.13 1.15 67.91 0.19 92.63 93.80 96.54 98.54 82.73 2.47 82.54 197.44

20.14 1.15 68.15 -0.05 96.59 97.76 99.74 103.19 85.53 2.47 85.68 219.43

20.13 1.18 68.00 0.10 101.04 102.31 104.63 108.45 88.95 2.47 88.85 241.37

20.15 1.16 67.93 0.17 105.38 106.71 109.49 113.71 92.08 2.47 91.92 266.61

20.29 1.19 68.08 0.02 110.07 111.44 114.82 119.47 95.62 2.47 95.60 291.97

20.25 1.17 68.07 0.03 112.57 113.71 117.47 122.34 97.21 2.47 97.19 307.35

20.20 1.18 87.87 -19.97 -6.96 -6.85 -6.66 -6.54 -7.78 2.45 12.19 16.43
'2017 1.15 87.92 -20.02 1.64 1.83 2.09 2.41 0.12 2.45 20.14 29.88

20.17 1.16 87.94 -20.04 12.72 13.04 13.45 14.05 10.38 2.45 30.41 46.88
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Table B. I Continued.

PSIA PSID Taub Tin T1 T2 T3 T4 Tsurf Velocity Delta T Flux

20.18 1.15 87.82 -19.92 22.98 23.46 23.99 24.80 19.89 2.45 39.82 62.52

20.17 1.18 87.78 -19.88 32.71 33.31 34.01 35.00 28.84 2.45 48.73 78.47

20.15 1.16 87.88 -19.98 41.84 42.58 43.41 44.54 37.27 2.45 57.25 93.02

20.13 1.18 88.00 -20.10 50.63 51.52 52.48 53.80 45.39 2.45 65.49 107.41

20.11 1.15 87.98 -20.08 59.54 60.56 61.66 63.16 53.62 2.45 73.71 121.69

20.05 1.15 88.01 -20.11 70.38 71.55 72.84 74.55 63.55 2.45 83.66 140.34

20.07 1.16 88.06 -20.16 77.46 78.80 79.94 82.11 69.76 2.45 89.92 156.80

20.08 1.15 87.98 -20.08 82.53 83.87 85.11 87.53 73.76 2,45 93,84 175.43

20.04 1.16 87.97 -20.07 87.19 88.53 90.04 92.85 77.34 2.45 97.41 196.28

20.04 1.15 87.62 -19.72 91.74 93.14 94.84 98.04 81.02 2.45 100.74 213.87

20.01 1.17 88.02 -20.12 95.80 97.47 99.83 103.07 84.28 2.45 104.40 235.80

20.05 1.12 87.92 -20.02 100.75 101.45 104.44 107.27 87.39 2.45 107.41 255.54

19.97 1.15 87.75 -19.85 104.13 104.69 107.97 111.10 89.83 2.45 109.69 272.02

19.95 1.14 88.08 -20.18 109.22 109.79 113.78 117.21 93.50 2.45 113.67 301.78

19.94 1.13 88.19 -20.29 112.63 113.22 117.67 121.38 96.06 2.45 116.35 320.43

20.01 1.13 87.95 -20.05 115.41 116.23 120.83 124.81 98.27 2.45 118.32 334.70

20.21 1.26 107.92 -40.02 -25.08 -24.96 -24.70 -25.12 -25.94 2.40 14.08 15.60

20.16 1.25 107.96 -40.06 -13.81 -13.52 -13.16 -13.58 -15.54 2.40 24.52 32.34

20.13 1.25 108.03 -40.13 -3.05 -2.60 -2.12 -2.07 -5.47 2.40 34.66 48.25

20.12 1.25 107.80 -39.90 8.17 8.75 9.37 10.00 5.03 2.40 44.93 64.71

20.21 1.25 108.02 -40.12 17.51 18.22 18.96 19.86 13.67 2.40 53.78 79.56

20.24 1.22 108.03 -40.13 27.69 28.58 29.43 30.52 23.11 2.40 63.24 95.21

20.19 1.23 107.91 -40.01 38.73 39.76 40.69 42.09 33.33 2.40 73.34 111.82

20.16 1.22 108.09 -40.19 48.96 50.11 51.15 52.82 42.74 2.40 82.93 128.29

20.18 1.22 108.16 -40.26 60.02 61.28 62.99 64.51 53.04 2.40 93.30 146.93

20.13 1.21 107.82 -39.92 69.65 71.01 72.96 74.56 61.92 2.40 101.84 162.30

20.15 1.20 107.81 -39.91 78.60 79.03 81.43 83.21 69.05 2.40 108.96 183.09

20.12 1.21 107.76 -39.86 82.13 83.07 85.01 87.13 71.93 2.40 111.79 197.40

20.16 1.22 107.99 -40.09 87.58 88.55 90.73 93.23 76.37 2.40 116.46 217.17

20.05 1.20 108.08 -40.18 93.82 94.84 97.29 100.27 81.17 2.40 121.35 244.59

20.04 1.20 108.07 -40.17 98.79 99.83 102.53 105.95 85.07 2.40 125.25 265.46

20.13 1.18 108.00 -40.10 102.83 103.92 106.86 110.52 88.15 2.40 128.26 284.20

20.04 1.18 108.10 40.20 106.82 107.88 111.22 115.12 91.06 2.40 131.26 305.10

20.03 1.20 107.88 -39.98 112.70 113.74 117.74 121.96 95.48 2.40 135.46 334.71

21.60 1.84 49.17 20.03 28.16 28.28 28.40 28.68 27.40 3.42 7.37 15.89

21.59 1.95 49.23 19.97 36.45 36.71 36.89 37.42 34.92 3.42 14.96 31.53

21.53 1.90 49.10 20.10 44.29 44.68 44.92 45.70 42.00 3.42 21.91 46.89

21.50 1.89 49.26 19.94 52.33 52.91 53.18 54.26 49.30 3.42 29.36 62.80

21.49 1.89 49.10 20.10 59.71 60.38 61.01 62.03 56.02 3.42 35.92 77.38

21.41 1.87 49.05 20.15 67.76 67.98 69.03 70.10 62.98 3.42 42.83 92.47

21.39 1.85 49.27 19.93 78.48 78.89 79.99 76.95 71.51 3.42 51.58 114.03

21.42 1.84 49.37 19.83 85.83 86.43 87.51 83.27 77.19 3.42 57.36 138.22

21.41 1.81 49.16 20.04 91.91 92.56 93.91 92.22 82.45 3.42 62.40 164.55

21.44 1.85 49.33 19.87 97.86 98.55 100.30 101.83 87.81 3.42 67.93 190.85

21.43 1.86 49.12 20.08 102.80 103.51 105.65 108.27 91.66 3.42 71.59 216.11

21.46 1.88 49.12 20.08 106.79 107.54 110.06 113.27 94.80 3.42 74.72 235.85
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Table B.1 Continued.

PSIA PSID Tsub Tin Ti T2 T3 T4 Tsurf Velocity Delta T Flux

21.48 1.83 49.28 19.92 111.62 112.42 115.49 119.05 98.13 3.42 78.22 266.59
21.56 1.93 49.31 19.89 115.71 116.56 120.21 123.90 101.09 3.42 81.20 290.84

21.38 1.93 68.36 0.22 9.47 9.61 9.76 9.98 8.71 3.30 8.49 15.89

1 21.23 1.86 68.75 -0.17 16.93 17.20 17.42 17.90 15.49 3.30 15.67 29.89

21.23 1.89 68.60 .0.02 28.14 28.60 28.90 29.67 25.67 3.30 25.69 50.45

21.22 1.90 68.59 -0.01 39.47 40.09 40.51 41.62 35.92 3.30 35.93 71.90

21.22 1.95 68.37 0.21 50.01 50.80 51.28 52.79 45.45 3.30 45.24 91.93

21.22 1.90 68.71 -0.13 59.00 59.94 61.00 62.31 53.71 3.30 53.85 109.68
21.21 1.93 68.66 -0.08 68.82 69.81 71.11 72.69 62.58 3.30 62.66 128.33

21.22 1.93 68.51 0.07 78.49 79.57 81.01 83.02 71.18 3.30 71.12 149.17

21.14 1.88 68.88 -0.30 84.33 84.27 86.28 87.09 74.81 3.30 75.11 168.92

21.21 1.86 68.54 0.04 90.02 90.64 92.27 90.90 78.92 3.30 78.88 190.87
21.19 1.89 68.86 -0.28 96.55 97.19 99.16 97.42 83.67 3.30 83.95 220.52

21.17 1.91 68.77 -0.19 102.08 102.80 104.99 105.69 88.25 3.30 88.43 247.97

21.17 1.91 68.51 0.07 106.54 107.32 109.88 112.74 92.03 3.30 91.96 270.98
21.16 1.91 68.80 -0.22 112.03 112.89 115.94 120.09 96.21 3.30 96.43 301.86

21.05 1.92 88.61 -19.91 -8.83 -8.68 -8.51 -9.05 -9.76 3.28 10.15 15.88
21.11 1.89 88.68 -19.98 0.63 0.88 1.09 1.38 -1.05 3.28 18.93 32.63

21.13 1.85 88.75 -20.05 10.42 10.82 11.15 11.85 7.93 3.28 27.98 49.91

21.20 1.89 88.80 -20.10 22.49 23.10 23.56 24.63 18.99 3.28 39.10 71.07
21.19 1.85 88.83 -20.13 34.04 34.88 35.48 36.85 29.53 3.28 49.66 92.48

21.23 1.91 88.74 -20.04 44.42 45.49 46.08 47.90 38.97 3.28 59.01 111.88

21.19 1.88 88.67 -19.97 55.59 56.83 57.52 59.73 49.11 3.28 69.08 132.75

21.19 1.91 88.87 -20.17 63.83 65.15 65.95 68.47 56.57 3.28 76.74 148.07

21.21 1.88 88.74 -20.04 74.09 75.50 76.97 79.34 65.91 3.28 85.95 168.92

21.21 1.86 88.80 -20.10 81.35 82.86 84.41 86.94 72.15 3.28 92.25 187.55

21.13 1.87 88.65 -19.95 88.03 88.24 90.65 90.64 75.95 3.28 95.90 212.83

21.18 1.82 88.83 -20.13 93.72 94.55 96.54 94.82 80.47 3.28 100.60 235.86

21.16 1.83 88.72 -20.02 99.63 100.55 102.83 100.31 84.93 3.28 104.96 262.20
21.20 1.87 88.81 -20.11 105.27 106.28 108.77 107.03 89.00 3.28 109.11 289.77

21.20 1.87 88.88 -20.18 108.28 109.32 112.07 109.76 91.20 3.28 111.38 305.15

21.35 1.97 108.82 -40.02 -24.02 -23.78 -23.61 -27.23 -25.96 3.19 14.06 20.83

21.31 1.97 108.80 -40.00 -10.86 -10.51 -10.07 -14.67 -14.20 3.19 25.80 42.79

21.32 1.97 108.76 -39.96 1.12 1.71 2.22 2.11 -2.12 3.19 37.84 62.55

21.29 1.94 108.84 -40.04 11.56 12.12 13.04 14.10 7.62 3.19 47.66 81.23

21.26 1.93 108.85 -40.05 23.27 23.82 25.00 26.39 18,29 3.19 68.34 100.98

21.28 1.96 108.74 -39.94 35.84 36.53 37.98 39.69 29.81 3.19 69.75 122.93

21.27 1.92 108.85 -40.05 46.75 48.17 48.97 51.24 39.86 3.19 79.91 142.69

21.26 1.90 108.80 -40,00 57.92 58.70 60.33 63.06 49.80 3.19 89.80 162.40

21.27 1.91 108.72 -39.92 68.52 70.72 72.80 73.77 59.84 3.19 99.76 183.25

21.20 1.91 108.61 -39.81 80.97 81.30 83.91 83.40 69.24 3.19 109.05 210.70

21.23 1.91 108.83 -40.03 87.38 87.67 90.58 89.00 74.31 3.19 114.34 233.74

21.25 1.87 108.82 -40.02 94.63 95.71 98.17 95.07 80.10 3.19 120.11 263.36
21.21 1.93 108.81 40.01 100.71 101.82 104.60 98.14 84.76 3.19 124.76 288.73

1 21.26 1.86 108.67 -39.87 105.47 106.59 109.64 101.49 88.34 3.19 128.21 309.60
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Table B.1 Continued.

PSIA PSID Tsub Tin TI T2 T3 T4 Tsurf Velocity Delta T Flux

27.86 4.24 55.89 19.91 30.69 30.85 31.02 31.39 29.39 5.15 9.48 25.81

27.83 4.20 55.65 20.15 43.08 43.47 43.91 44.72 40.44 5.15 20.30 54.36

27.86 4.19 56.03 19.77 52.32 52.92 53.42 54.72 48.31 5.15 28.53 76.37

27.87 3.98 55.98 19.82 62.89 63.69 64.86 65.88 57.83 5.15 38.01 101.62

27.86 4.17 56.14 19.66 74.42 74.22 76.32 73.04 67.37 5.15 47.71 127.93

27.78 4.10 56.09 19.71 85.09 85.62 87.35 81.96 76.80 5.15 57.09 154.27

27.79 4.03 55.83 19.97 95.33 96.01 97.77 91.21 85.33 5.15 65.35 183.86

27.79 4.03 55.92 19.88 102.35 103.13 105.03 100.43 90.64 5.15 70.76 213.55

27.83 4.04 55.87 19.93 109.24 110.04 112.35 113.45 95.71 5.15 75.78 246.47

27.83 4.16 56.11 19.69 115.10 115.99 118.60 120.92 99.88 5.15 80.19 277.22

27.29 3.92 75.04 0.31 12.87 13.13 13.38 11,29 11.58 5.00 11.27 26.30

27.30 3.91 75.47 -0.12 24.42 24.86 25.29 26.00 21.65 5.00 21.78 53.73

27.30 3.92 75.37 -0.02 34.68 35.29 35.89 37.03 30.77 5.00 30.79 75.76

27.30 3.94 75.24 0.11 48.15 49.05 49.72 51.42 42.53 5.00 42.42 107.60

27.31 3.96 75.12 0.23 60.29 61.37 62.82 64.45 53.56 5.00 53.34 134.46

27.32 3.96 75.42 -0.07 74.25 74.10 76.61 75,20 65.12 5.00 65.20 165.24

27.26 3.94 75.29 0.06 86.31 87.10 89.16 84.65 75.95 5.00 75.89 193.69

27.26 3.90 75.71 -0.36 95.57 96.56 98.58 93.63 83.49 5.00 83.85 223.35

27.33 3.93 75.43 -0.08 103.38 104.35 106.66 102.15 89.38 5.00 89.45 256.27

27.30 3.92 75.24 0.11 111.21 112.36 114.95 112.27 95.30 5.00 95.19 291.53

26.76 3.76 94.74 -20.10 -6.51 -6.32 -6.05 -6.85 -7.80 4.90 12.31 25.44

26.68 3.84 94.58 -19.94 8.69 9.19 9.60 10.04 5.74 4.90 25.68 57.31

26.66 3.81 94.63 -19.99 21.76 22.49 23.11 24.38 17.33 4.90 37.32 85.87

26.67 3.89 94.76 -20.12 36.69 37.70 38.58 40.39 30.71 4.90 50.83 116.59

26.56 3.77 94.57 -19.93 50.92 52.25 53.12 55.67 43.14 4.90 63.07 149.50

26.56 3.76 94.43 -19.79 64.01 66.74 68.93 69.92 56.08 4.90 75.86 182.42

26.65 3.87 94.46 -19.82 81.64 81.47 84.79 82.68 69.72 4.90 89.54 216.46

26.55 3.81 94.55 -19.91 96.27 97.52 99.71 97.67 82.32 4.90 102.23 258.14

26.62 3.87 94.59 -19.95 105.46 106.99 109.27 105.94 89.38 4.90 109.33 296.70

26.56 3.94 114.66 -40.29 -24.35 -24.13 -23.80 -29.06 -25.64 4.80 14.65 26.40

26.56 3.94 114.25 -39.88 -7.46 -6.89 -6.51 -10.00 -10.49 4.80 29.39 59.37

26.54 3.90 114.17 -39.80 5.38 6.19 6.80 7.92 1.02 4.80 40.82 85.74

26.52 3.88 114.13 -39.76 22.35 23.50 24.35 26.25 16.21 4.80 55.97 120.84

26.53 3.85 114.66 -40.29 38.87 40.32 41.44 44.01 30.92 4.80 71.21 155.99

26.52 3.84 114.52 40.15 54.18 55.98 56.96 60.57 44.32 4.80 84.47 189.96

26.56 3,90 114.50 40.13 72.53 73.03 75.87 76.49 60.17 4.80 100.30 228.40

26.53 3.81 114.81 40.44 89.55 91.09 93.42 92.98 75.31 4.80 115.75 267.91

26.58 3.86 114.23 -39.86 101.09 103.11 105.34 103.72 84.85 4.80 124.71 305.38

39.26 7.96 65.83 19.90 29.79 29,97 30.26 30.53 28.35 7.28 8.45 27.90

38.97 7.74 65.84 19.89 40.86 41.25 41.77 42.67 37.86 7.28 17.97 57.59

39.03 7.77 65.96 19.77 51.35 51.96 52.62 54.05 46.75 7.28 26.98 87.25

38.92 7.62 66.10 19.63 62.37 63.81 65.34 65.82 56.96 7.28 37.33 119.08

38.95 7.63 65.69 20.04 74.35 73.98 76.50 74.31 66.15 7.28 46.11 147.60

38.95 7.73 65.76 19.97 88.66 89.42 91.40 87.18 78.44 7.28 58.47 190.38
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Table B.1 Continued.

PSIA PSID Tsub Tin T1 T2 T3 T4 Tsurl Velocity Delta T Flux

39.04 7.79 66.01 19.72 101.75 102.74 105.00 101.96 89.46 7.28 69.74 228.85

38.96 7.79 65.95 19.78 113.44 114.94 117.12 115.41 98.99 7.28 79.21 269.42

37.28 7.22 85.16 -0.24 10.01 10.26 11.09 6.67 9.06 7.14 9.31 25.71

37.66 7.40 85.04 -0.12 22.12 22.59 23.04 23.14 19.08 7.14 19.20 58.67

37.75 7.33 84.86 0.06 32.87 33.53 34.19 35.55 28.72 7.14 28.67 86.13

37.79 7.47 85.06 -0.14 45.56 46.56 47.48 49.38 39.84 7.14 39.99 120.16

37.71 7.43 84.89 0.03 58.44 59.65 60.51 63.78 50.93 7.14 50.90 156.50

37.25 7.12 85.05 -0.13 73.80 75.05 77.31 80.52 64.46 7.14 64.59 198.21

37.29 7.13 85.42 -0.50 89.27 88.57 92.39 94.83 76.39 7.14 '76.89 238.81

37.26 7.08 84.57 0.35 113.26 114.33 117.24 120.18 96.94 7.14 96.60 311.39

37.17 7.05 104.99 -20.17 -5.94 -5.68 -5.39 -7.40 -7.67 6.90 12.50 33.60

37.56 7.08 105.00 -20.18 6.72 7.16 7.74 8.76 3.24 6.90 23.42 66.46

37.56 7.14 104.85 -20.03 21.92 22.51 23.65 25.37 16.38 6.90 36.42 106.03

37.44 7.16 105.17 -20.35 38.18 38.96 40.62 43.06 30.55 6.90 50.90 146.61

37.38 7.13 104.98 -20.16 54.33 56.20 57.60 60.87 44.79 6.90 64.95 189.42

38.02 7.46 104.82 -20.00 71.67 73.12 76.32 79.86 59.93 6.90 79.93 234.44

38.03 7.31 104.46 -19.64 87.12 87.08 90.78 94.34 72.12 6.90 91.76 270.70

38.28 7.40 104.62 -19.80 103.12 104.43 107.45 111.56 86.06 6.90 105.86 315.84

37.13 7.18 124.10 -39.93 -23.83 -23.58 -23.30 -24.49 -25.56 6.80 14.37 33.38

37.12 7.15 123.96 -39.79 -8.21 -7.65 -7.22 -6.82 -11.94 6.80 27.85 70.74

36.88 7.00 124.10 -39.93 10.78 11.77 12.58 14.84 4.73 6.80 44.65 116.89

36.87 6.98 124.14 -39.97 28.36 29.77 30.94 34.04 20.24 6.80 60.21 158.61

36.89 7.02 124.33 -40.16 45.79 47.67 48.93 52.99 35.36 6.80 75.52 202.49

36.98 7.02 124.45 -40.28 65.05 67.27 69.82 74.02 52.51 6.80 92.80 251.93

36.95 7.02 124.61 -40.44 87.20 86.77 91.24 94.21 70.08 6.80 110.52 305.89

Boiling and Two-Phase Flow Laboratory



138

Table B.2 Single-phase and two-phase experimental data for equal-size-jet pattern.

PSIA PSID Tsub Tin T1 T2 T3 T4 Tsurf Velocity Delta T Flux

19.54 0.70 48.20 19.88 33.20 N/A 33.23 33.17 32.20 0.95 12.32 16.06

19.54 0.71 48.20 19.88 50.22 N/A 50.31 50.02 47.98 0.95 28.09 35.84

19.52 0.68 48.23 19.86 65.65 N/A 65.84 65.48 62.14 0.95 42.29 56.72

19.57 0.71 47.97 20.11 77.84 N/A 78.12 78.09 72.76 0.95 52.65 84.19

19.41 0.66 48.14 19.94 88.81 N/A 89.22 90.21 82.01 0.95 62.06 117.12

19.59 0.76 47.91 20.18 96.98 WA 97.71 99.61 88.74 0.95 68.56 146.76

19.63 0.75 48.14 19.95 101.27 N/A 102.52 105.18 92.30 0.95 72.35 166.51

19.73 0.82 48.02 20.07 105.44 N/A 107.71 111.09 95.95 0.95 75.89 188.47

20.31 0.80 48.19 19.89 109.07 N/A 112.01 116.05 99.01 0.95 79.11 204.96

CHF 213.21

18.97 0.91 68.22 -0.23 25.41 25.72 25.78 N/A 23.68 0.92 23.91 32.95

18.89 0.67 68.14 -0.14 50.37 49.96 51.53 NA 46.98 0.92 47.12 63.68

19.03 0.58 68.01 -0.02 71.56 71.47 73.62 WA 66.34 0.92 66.36 92.27

1 18.98 0.53 68.25 -0.25 80.04 79.53 82.35 N/A 72.96 0.92 73.22 119.67

18.90 0.50 68.17 -0.18 87.40 86.79 90.44 N/A 78.56 0.92 78.74 150.39

18.93 0.47 67.98 0.01 94.79 94.05 98.62 N/A 84.05 0.92 84.04 183.31

18.93 0.45 67.98 0.01 100.98 99.94 105.57 N/A 88.67 0.92 88.65 209.67

19.03 0.45 67.79 0.20 110.32 108.95 115.46 WA 96.01 0.92 95.81 241.53

CHF 257.46

19.59 0.56 88.46 -20.36 -1.26 N/A -1.24 -1.12 -2.20 0.92 18.16 16.01

19.51 0.56 88.53 -20.43 12.88 N/A 12.95 13.07 10.97 0.92 31.40 32.52

19.54 0.568 88.25 -20.15 29.54 WA 29.63 29.72 26.54 0.92 46.69 50.10

19.52 0.60 88.29 -20.19 46.95 N/A 47.11 47.04 42.73 0.92 62.93 69.85

19.568 0.72 88.35 -20.25 63.70 N/A 64.03 63.51 58.07 0.92 78.31 91.76

19.59 0.75 88.12 -20.02 71.56 WA 71.82 71.32 64.74 0.92 84.77 110.46

19.59 0.80 88.02 -19.92 81.17 WA 80.50 80.55 72.35 0.92 92.27 136.83

19.78 0.90 88.15 -20.05 89.15 N/A 91.82 93.24 80.52 0.92 100.56 169.85

19.85 0.95 88.02 -19.92 97.35 N/A 100.07 102.55 87.22 0.92 107.14 199.46

20.49 0.98 88.28 -20.18 105.47 N/A 108.96 112.20 94.04 0.92 114.22 230.21

20.97 1.01 88.17 -20.07 113.83 N/A 117.59 122.09 101.03 0.92 121.10 260.94

CHF 276.30

19.70 0.85 107.74 -40.01 16.15 15.87 16.66 WA 12.52 0.90 52.52 62.57

19.55 0.71 107.73 -39.99 52.15 51.38 54.35 WA 46.26 0.90 86.25 104.31

19.39 0.59 107.55 -39.81 77.52 76.44 80.62 WA 68.53 0.90 108.34 149.30

19.30 0.56 107.80 -40.07 86.36 85.17 90.32 WA 75.03 0.90 115.09 189.89

19.42 0.53 107.86 -40.12 95.34 93.83 100.05 N/A 81.59 0.90 121.71 229.44

19.31 0.49 107.58 -39.85 105.58 104.03 111.28 N/A 89.28 0.90 129.12 274.46

19.25 0.50 107.57 -39.83 113.51 111.69 119.67 N/A 95.41 0.90 135.24 303.12

19.17 0.45 107.38 -39.64 124.77 122.56 131.10 N/A 104.66 0.90 144.30 332.75

CHF 347.56

34.42 15.17 48.35 19.70 29.16 N/A 29.32 29.65 28.11 2.89 8.41 20.42

34.26 15.07 48.07 19.98 38.70 N/A 39.18 39.70 36.58 2.89 16.60 41.33

34.06 14.89 48.10 19.95 49.48 N/A 50.30 51.11 46.05 2.89 26.10 66.58
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Table B.2 Continued.

PSIA PSID Tsub Tin T1 T2 T3 T4 Tsurf Velocity Delta T Flux

34.07 14.92 48.22 19.83 62.55 WA 63.92 65.07 57.69 2.89 37.86 96.26

34.89 15.71 48.11 19.94 75.99 N/A 77.76 79.20 69.39 2.89 49.45 129.18

33.43 14.26 48.39 19.66 86.56 N/A 88.80 91.02 78.47 2.89 58.82 162.08

33.63 14.35 48.29 19.76 95.38 N/A 98.16 101.61 85.77 2.89 66.01 197.19

33.57 14.33 48.30 19.75 101.65 N/A 104.85 109.70 90.77 2.89 71.02 228.00

33.55 14.36 48.35 19.70 109.28 N/A 113.02 119.33 96.55 2.89 76.85 268.56

33.56 14.34 48.10 19.95 115.77 N/A 120.02 127,74 101.49 2.89 81.54 304.94

24.83 5.98 67.74 0.03 16.23 15.90 16.80 N/A 14.10 2.80 14.07 34.04

24.25 5.41 67.63 0.14 29.29 28.70 30.53 N/A 25.30 2.80 25.16 64.76

23.56 4.73 67.84 -0.08 47.51 46.51 49.88 N/A 41.10 2.80 41.17 105.42

23.02 4.23 67.8 -0.11 68.30 66.87 71.90 N/A 59.15 2.80 59.26 151.51

22.73 3.87 67.80 -0.04 83.28 81.62 87.50 N/A 71.37 2.80 71.41 196.49

22.51 3.71 67.81 -0.05 93.38 91.44 98.38 N/A 78.67 2.80 78.72 242.60

22.34 3.54 67.77 0.00 99.81 97.81 105.62 N/A 82.83 2.80 82.84 282.15

22.20 3.38 67.72 0.05 106.11 103.69 112.84 N/A 86.78 2.80 86.73 320,65

21.97 3.23 67.93 -0.16 113.07 110.17 120.67 N/A 91.14 2.80 91.30 362.40

21.92 3.12 67.84 -0.07 122.09 118.85 130.46 N/A 97.60 2.80 97.67 404.09

21,91 3.13 67.51 0.25 135.43 131.66 144.33 N/A 108.49 2.80 108.23 441.39

CHF 480.88

25.06 6,03 88.22 -20.16 11.63 10.92 12.89 N/A 7.87 2.74 28.04 63.65

24.42 5.46 88.34 -20.28 30.83 29.66 33.25 N/A 24.63 2.74 44.91 106.50

23.94 4.93 88.05 -19.99 50.05 48.49 53.81 N/A 42.82 2.74 62.81 145.97

23.51 4.49 88.11 -20.05 69.92 68.08 74.45 WA 58.29 2.74 78.34 192.07

23.13 4.16 88.32 -20.26 84.75 82.76 89.73 WA 70.36 2.74 90.61 237.09

22.96 3.99 88.17 -20.11 94.85 92.47 100.31 N/A 77.65 2.74 97.75 281.03

22.65 3,69 8.04 -19.98 110.51 107.02 117.38 N/A 87.51 2.74 107.48 371.15

22.49 3.51 88.15 -20.09 126.05 121.34 135.23 N/A 97.55 2.74 117.65 460.01

22.33 3.39 87.81 -19.75 133.84 128.69 143.78 N/A 102.87 2.74 122.61 499.53

32.44 13.06 108.50 -39.94 -22.64 N/A -22.14 -21.65 -23.94 2.60 16.00 28.10

31.47 11.99 108.57 -40.01 -7.73 N/A -6.76 -6.16 -10.59 2.60 29.43 57.74

30.57 11.32 108.57 -40.01 6.31 WA 7.71 8.53 2.07 2.60 42.08 85.20

30.65 11.42 108.76 -40.20 22.95 WA 24.78 26.16 16.92 2.60 57.12 120.34

30.66 11.23 108.50 -39.94 39.88 N/A 42.16 43.91 32.00 2.60 71.93 155.42

30.85 11.43 108.72 -40.16 55.42 N/A 58.16 60.29 45.87 2.60 86.02 188.38

30.95 11.56 108.53 -39.97 71.00 N/A 74.24 76.76 59.67 2.60 99.64 223.52

31.05 11.67 108.54 -39.98 84.00 N/A 87.56 91.34 70.92 2.60 110.90 260.85

30.96 11.57 108.79 -40.23 97.11 1WA 101.41 106.98 82.14 2.60 122.37 308.17

39.93 18.41 52.50 -19.91 27.37 N/A 27.65 28.25 26.42 4.70 46.33 20.49

39.62 18.18 52.89 -19.52 36,31 N/A 36.99 38.16 34.25 4.70 53.77 44.71

38.85 17.47 52.31 -20.10 48.17 N/A 49.31 51.10 44.57 4.70 64.67 76.54

37.52 16.20 52.61 -19.80 58.79 N/A 60.06 62.98 53.84 4.70 73.64 105.09

36.56 15.14 52.51 -19.90 72.36 WA 74.04 78.07 65.65 4.70 85.54 142.39

36.19 14.82 52.80 -19.61 82.94 N/A 85.05 90.05 74.79 4.70 94.41 173.11

35.55 14.19 52.37 -20.04 95.41 WA 97.82 104,70 85.10 4.70 105.15 219.23
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Table B.2 Continued.

PSIA PSID Taub Tin Ti T2 T3 T4 Tsurf Velocity Delta T Flux

35.02 13.64 52.58 -19.83 104.90 N/A 107.87 116.14 92.78 4.70 112,60 260.90

34.12 12.79 52.84 -19.57 112.60 N/A 115.75 125.71 98.61 4.70 118.18 300.61

35.15 14.10 72.40 -0.10 23.17 22.43 24.53 WA 20.25 4.72 20.36 63.62

33.47 12.42 72.43 -0.13 39.03 37.99 41.68 N/A 33.55 4.72 33.68 107.58

32.69 11.58 72.30 0.00 55.06 53.70 58.76 N/A 47.47 4.72 47.47 151.48

31.82 10.69 72.46 -0.16 70.34 68.72 74.70 N/A 58.64 4.72 58.79 194.25

30.70 9.56 72.49 -0.19 86.36 84.66 91.63 N/A 71.99 4.72 72.18 240.37

0.23 -20.96 72.45 -0.15 97.46 94.63 103.33 N/A 79.94 4.72 80.09 284.39

29.90 8.65 72.33 -0.03 106.28 102.97 112.82 N/A 85.83 4.72 85.86 330.51

29.79 8.53 72.34 -0.04 114.33 110.31 121.39 N/A 90.50 4.72 90.54 381.02

29.56 8.28 72.48 -0.18 120.78 116.24 128.32 N/A 94.77 4.72 94.96 413.93

29.63 8.30 72.50 -0.20 128.42 123.45 136.70 N/A 99.39 4.72 99.59 462.21

29.49 8.16 72.45 -0.15 135.41 129.91 144.33 N/A 103.62 4.72 103.77 505.01

38.38 17.65 91.38 -19.94 -10.73 N/A -9.42 -8.62 -11.50 4.43 8.43 23.82

40.10 19.34 91.67 -20.23 2.76 N/A 3.53 5.18 0.29 4.43 20.52 54.55

41.74 20.97 91.40 -19.96 17.98 N/A 19.17 21.69 13.78 4.43 33.74 90.81

42.05 21.26 91.38 -19.94 33.31 N/A 34.83 38.28 27.27 4.43 47.21 128.09

41.78 21.00 91.63 -20.19 47.05 N/A 49.08 53.35 39.11 4.43 59.30 167.62

40.86 20.04 91.40 -19.96 61.97 N/A 64.49 69.64 52.09 4.43 72.04 207.11

39.92 19.05 91.73 -20.29 79.77 N/A 81.39 89.05 66.69 4.43 86.99 256.52

39.14 17.89 91.77 -20.33 94.63 WA 97.17 105.45 79.75 4.43 100.08 302.72

43.18 22.55 111.26 -40.16 -25.79 WA -25.27 -24.64 -27.09 4.35 13.07 29.23

42.96 22.36 110.90 -39.80 -13.07 WA -11.90 -10.73 -15.78 4,35 24.02 61.06

43.06 22.42 111.16 -40.06 2.88 N/A 4.63 7.18 -1.52 4.35 38.54 99.52

43.05 22.43 110.89 -39.79 18.25 N/A 20.79 24.17 12.14 4.35 51.94 135.73

43.42 22.82 110.81 -39.71 36.12 N/A 38.07 42.68 27.56 4.35 67.27 178.54

43.00 22.42 111.00 -39.90 51.08 WA 53.63 58.74 40.59 4.35 80.49 216.99

42.34 21,53 111.06 -39.96 63.94 N/A 67.33 73,38 51.96 4,35 91.93 254.26

40.65 19.85 111.59 -40.49 82.70 N/A 85.94 93.64 67.96 4.35 108.46 304.92
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Table B.3 Single-phase and two-phase experimental data for decreasing-jet pattern.

PSIA PSID Taub Tin Ti T2 T3 T4 Tsurl Velocity Delta T Flux

19.28 0.19 48.35 19.85 34.17 WA 34.37 34.44 33.30 0.82 13.46 16.19

19.08 0.17 48.31 19.89 51.50 N/A 51.95 51.94 49.56 0.82 29.67 35.97

19.20 0.22 48.29 19.91 68.29 N/A 69.13 69.27 65.27 0.82 45.36 57.92

19.15 0.24 48.19 20.01 75.55 N/A 76.44 77.30 71.49 0.82 51.48 78.80

19.22 0.21 48.28 19.92 84.28 N/A 85.60 87.46 79.11 0.82 59.19 105.14

19.25 0.19 48.23 19.97 92.55 N/A 94.38 97.53 86.12 0.82 66.15 135.87

19.04 0.06 48.44 19.76 100.41 N/A 102.83 107.17 92.66 0.82 72.90 168.77

19.27 0.32 48.42 19.78 108.61 N/A 111.66 117.10 99.63 0.82 79.85 199.50

CHF 214.86

1 19.34 0.45 68.04 -0.01 30.37 30.14 31.13 N/A 28.48 0.81 28.50 33.98

19.28 0.43 68.06 -0.04 54.67 54.22 56.24 N/A 51.27 0.81 51.31 61.42

19.30 0.40 67.95 0.08 73.93 73.17 75.75 N/A 68.24 0.81 68.16 93.29

19.20 0.38 68.00 0.02 82.84 81.67 85.09 N/A 75.14 0.81 75.12 123.99
19.29 0.37 67.86 0.16 90.15 88.65 92.97 N/A 80.67 0.81 80.51 152.52

19.26 0.35 68.07 -0.05 96.85 95.04 100.17 N/A 85.64 0.81 85.69 179.93

19.34 0.33 67.88 0.15 103.44 101.30 107.50 N/A 90.42 0.81 90.27 209.57

19.31 0.33 67.99 0.03 110.76 108.39 115.38 N/A 95.73 0.81 95.69 242.53

19.29 0.28 67.95 0.07 119.33 116.80 124.26 WA 102.58 0.81 102.51 269.97

CHF 1301.92

19.42 0.47 88.38 -20.28 14.12 13.84 14.45 N/A 11.94 0.80 32.22 33.97

19.34 0.43 88.18 -20.08 38.91 38.33 40.19 N/A 35.15 0.80 55.23 61.40

19.23 0.38 88.45 -20.35 65.82 64.87 67.84 WA 60.02 0.80 80.37 94.36

19.17 0.38 88.26 -20.16 74.76 73.54 77.03 N/A 67.25 0.80 87.41 120.67

19.14 0.35 88.11 -20.01 82.54 80.97 85.38 WA 73.02 0.80 93.04 152.50

19.09 0.35 88.03 -19.93 89.34 87.49 92.71 N/A 78.12 0.80 98.05 179.91

19.18 0.30 88.14 -20.04 96.53 94.40 100.44 WA 83.34 0.80 103.38 211.74

19.15 0.32 88.13 -20.03 104.37 101.94 108.75 WA 89.10 0.80 109.13 244.68

19.20 0.32 88.12 -20.02 111.14 108.30 116.01 WA 94.02 0.80 114.03 273.23

19.24 0.33 88.06 -19.96 118.20 115.17 123.581 WA 99.33 0.80 119.29 301.89

19.25 0.27 87.98 -19.88 125.63 122.36 131.691 WA 104.92 0.80 124.80 332.62

19.31 0.26 87.71 -19.61 134.54 131.15 141.17 WA 112.15 0.80 131.75 361.17

CHF 1 1386.41

19.57 0.47 108.15 -40.25 25.54 25.03 26.98 WA 21.73 0.78 61.98 63.54

19.45 0.43 107.97 -40.07 51.62 50.82 53.97 WA 46.07 0.78 86.14 93.23

19.41 0.39 107.97 -40.07 72.79 71.76 75.52 WA 65.31 0.78 105.38 123.93

19.33 0.38 107.45 -39.55 78.95 77.65 81.62 N/A 69.66 0.78 109.21 150.26

19.21 0.36 107.56 -39.66 87.86 86.09 91.27 WA 76.08 0.78 115.74 189.74

19.24 0.36 108.01 -40.11 97.40 95.21 101.511 WA 83.13 0.78 123.24 229.31

19.22 0.35 107.30 -39.40 106.51 103.89 111.30 WA 89.75 0.78 129.15 268.80

19.12 0.33 107.40 -39.50 114.48 111.41 119.76 WA 95.36 0.78 134.86 305.17

19.10 0.23 107.82 -39.92 121.79 118.49 127.80 WA 100.70 0.78 140.63 338.10

19.06 0.27 107.28 -39.38 129.67 126.32 136.32 WA 106.61 0.78 145.99 372.14

19.20 0.37 107.35 -39.45 139.02 135.36 146.38 WA 113.95 0.78 153.40 405.09
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Table B.3 Continued.

PSIA PSID Tsub Tin TI T2 T3 T4 Tsurf Velocity Delta T Flux

20.94 2.04 48.19 19.96 WA 32.60 32.60 33.09 31.12 2.48 11.16 23.77

20.91 2.00 48.38 19.77 N/A 45.28 45.28 46.13 42.34 2.48 22.57 46.78

20.93 2.01 48.19 19.96 WA 56.71 56.71 57.91 52.49 2.48 32.53 67.65

20.86 1.93 48.34 19.81 N/A 69.17 69.17 70.69 63.48 2.48 43.67 90.73

20.76 1.85 48.28 19.87 N/A 82.81 82.81 84.92 75.49 2.48 55.62 119.28

20.73 1.85 48.30 19.85 WA 89.63 89.63 93.44 80.77 2.48 60.92 150.02

20.63 1.77 48.31 19.84 WA 97.66 97.66 102.54 86.84 2.48 67.00 181.80

20.66 1.78 48.18 19.97 WA 105.47 105.47 111.83 92.51 2.48 72.54 219.16

20.72 1.70 48.29 19.86 N/A 111,52 111.52 119.11 96.78 2.48 76.92 249.89

20.80 1.75 48.31 19.84 N/A 121.13 121.13 130.68 103.87 2.48 84.03 297.21

22.56 3.73 68.43 -0.23 31.50 30.96 32.51 N/A 28.00 2.48 28.23 61.42

22.25 3.45 68.46 -0.26 52.24 51.30 54.51 N/A 46.27 2.48 46.52 105.34

21.81 3.10 68.43 -0.23 72.63 71.30 75.86 N/A 63.42 2.48 63.65 151.43

21.58 2.81 68.24 -0.04 85.66 83.84 89.43 WA 73.54 2.48 73.58 196.39

21.44 2.63 68.33 -0.13 96.31 93.93 100.74 N/A 81.14 2.48 81.28 243.62

21.27 2.49 68.37 -0.17 103.85 101.01 109.05 N/A 85.99 2.48 86.16 286.57

21.21 2.38 68.48 -0.28 111.56 108.27 117.41 WA 90.84 2.48 91.12 331.55

21.10 2.33 68.36 -0.16 118.80 115.15 125.44 N/A 95.45 2.48 95.61 374.41

21.08 2.27 68.30 -0.10 126.82 122.92 134.30 WA 100.91 2.48 101.01 417.19

21.08 2.24 68.36 -0.16 134.33 130.32 142.63 WA 106.41 2.48 106.57 452.28

21.10 2.25 68.31 -0.11 147.82 143.74 156.88 N/A 116.99 2.48 117.10 501.67

22.30 3.47 88.52 -20.72 15.22 14.59 16.36 WA 11.33 2.40 32.05 62.45

22.06 3.23 88.10 -20.30 37.78 36.76 39.92 N/A 31.09 2.40 51.40 108.59

21.78 3.02 87.94 -20.14 59.35 57.94 62.87 WA 50.05 2.40 70.20 153.59

21.56 2.80 88.00 -20.20 77.72 75.93 81.60 N/A 65.72 2.40 85.93 195.28

21.42 2.67 87.76 -19.96 89.57 87.25 94.15 WA 74.48 2.40 94.44 243.60

21.27 2.54 88.19 -20.39 98.86 96.04 104.12 WA 81.03 2.40 101.42 286.51

21.22 2.39 88.25 -20.45 108.26 104.99 114.13 N/A 87.42 2.40 107.87 333.72

21.11 2.31 88.16 -20.36 116.58 112.78 123.19 N/A 93.01 2.40 113.37 376.54

21.11 2.28 87.80 -20.00 124.64 120.52 131.88 WA 98.34 2.40 118.35 420.43

21.04 2,24 88.29 -20.49 132.13 127.73 140.17 WA 103.38 2.40 123.88 461.01

21.00 2.20 88.07 -20.27 139.47 134.86 148.091 WA 108.31 2.40 128.58 500.54

21.52 2.70 108.12 -40.18 -18.52 WA -17.96 -17.89 -20.12 2.23 20.06 32.58

21.52 2.77 108.27 -40.33 0.30 WA 1.54 1.80 -2.93 2.23 37.40 66.60

21.45 2.64 107.93 -39.99 21.21 N/A 22.98 24.83 16.47 2.23 56.46 102.86

21.38 2.57 107.99 -40.05 40.67 WA 42.92 45.33 34.23 2.23 74.28 137.96

21.31 2.52 107.89 -39.95 68.33 1WA 61.20 64.14 50.44 2.23 90.40 169.79

21.39 2.49 108.14 -40.20 76.95 N/A 80.12 84.09 67.26 2.23 107.46 204.89

21.31 2.43 108.03 40.09 88.28 WA 91.71 97.13 76.69 2.23 116.78 246.64

21.15 2,24 108.35 -40.41 102.06 N/A 106.07 113.52 88.01 2.23 128.42 300.56

28.30 6.74 52.85 19.85 33.11 WA 33.59 34.46 31.62 4.00 11,76 32,53

28.10 6.48 52.67 20.03 45.81 WA 46.79 48.35 42.99 4.00 22.96 62.20

27.97 6.46 52.58 20.12 59.58 WA 61.08 63.39 55.17 4.00 35.05 96.24
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Table B.3 Continued.

PSIA PSID Tsub Tin TI T2 T3 T4 Tsurf Velocity Delta T Flux

27.72 6.21 52.88 19.82 73.86 N/A 75.63 79.30 67.80 4.00 47.98 131.33

27.47 5.93 52.90 19.80 87.92 WA 90.23 94.76 80.03 4.00 60.23 170.84

27.20 5.68 53.22 19.48 97.09 WA 99.96 105.25 87.60 4.00 68.13 205.96

26.93 5.41 53.04 19.66 108.08 WA 111.61 118.67 96.52 4.00 76.87 253.17

26.45 4.93 52.83 19.87 116.55, WA 120.47 129.12 103.09 4.00 83.23 295.01

29.40 7.03 74.26 -0.35 25.03 24.45 26.43 N/A 21.24 4.10 21.58 62.45

28.45 6.19 73.95 -0.04 43.60 42.62 46.06 WA 37.39 4.10 37.43 108.55

28.06 5.80 73.60 0.32 59.74 68.30 63.17 WA 51.16 4.10 50.85 149.16

27.65 5.40 73.72 0.19 76.41 74.70 80.71 WA 64.72 4.10 64.53 193.02

27.15 4.91 74.00 -0.09 91.86 89.57 96.88 N/A 76.99 4.10 77.08 242.45

26.74 4.52 74.22 -0.30 102.05 99.28 107.63 WA 84.41 4.10 84.72 285.37

26.52 4.28 74.01 -0.10 110.23 107.11 116.34 N/A 89.96 4.10 90.06 327.09

26.43 4.20 73.94 -0.02 118.78 115.18 125.54 N/A 95.57 4.10 95.59 373.22

26.32 4.09 74.18 -0.27 126.78 122.81 134.10 WA 100.65 4.10 100.92 419.32

26.25 4.02 74.01 -0.10 133.71 129.55 141.77 WA 105.23 4.10 105.32 458.81

26.25 4.04 74.03 -0.12 141.66 137.11 150.42 WA 110.30 4.10 110.41 504.91

25.78 4.91 91.52 -20.01 -3.52 WA -3.15 -3.07 -5.34 3.85 14.67 34.73

28.32 7.50 91.54 -20.03 11.96 WA 12.68 13.32 8.32 3.85 28.35 69.85

26.72 5.82 91.67 -20.16 27.99 WA 29.62 32.23 23.17 3.85 43.33 106.11

25.20 4.31 91.46 -19.95 44.37 WA 46.61 50.00 37.89 3.85 57.83 142.32

25.58 4.71 91.58 -20.07 60.57 WA 63.95 68.62 52.45 3.85 72.51 182.92

26.77 6.13 91.8 -20.07 77.54 WA 80.35 86.45 67.35 3.85 87.42 220.25

27.42 6.52 91.44 -19.93 91.85 WA 94.90 102.36 79.70 3.85 99.63 260.84

26.66 5.74 91.70 -20.19 103.89 WA 107.75 115.84 89.38 3.85 109.57 309.30

28.12 7.48 111.15 -39.74 -21.63 N/A -21.48 -20.93 -23.50 3.73 16.24 35.80

28.04 7.26 111.37 .39.96 -5.24 N/A -4.71 -3.46 -8.99 3.73 30.97 73.10

27.98 7.16 111.64 -40.23 11.97 WA 13.57 14.72 6.56 3.73 46.79 109.36

27.76 6.93 111.45 -40.04 28.75 WA 31.44 34.68 21.88 3.73 61.93 146.67

27.76 6.93 111.97 -40.56 43.05 WA 46.18 50.24 34.92 3.73 75.47 179.62

27.62 6.75 111.43 -40.02 60.95 WA 65.15 70.44 51.28 3.73 91.29 220.22

27.44 6.61 111.62 -40.21 79.86 WA 83.66 90.75 68.00 3.73 108.20 264.14

27.25 6.43 111.47 -40.06 92.36 WA 97.10 104.87 78.72 3.73 118.78 301.59
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Table B.4 Single-phase and two-phase experimental data for increasing-jet pattern.

PSIA PSID Tsub Tin TI T2 T3 T4 Tsurf Velocity Delta T Flux

19.31 0.33 48.33 19.92 36.04 WA 36.12 36.20 34.97 0.77 15.05 18.32
19.35 0.32 48.22 20.03 51.83 WA 52.02 52.03 49.80 0.77 29.77 34.79

19.17 0.28 48.15 20.10 68.06 WA 68.38 68.20 64.91 0.77 44.81 53.44

19.13 0.31 48.30 19.95 77.13 WA 77.77 78.64 72.89 0.77 52.94 78.73
19.20 0.25 48.22 20.03 89.37 WA 90.00 92.29 83.55 0.77 63.52 110.56
19.18 0.11 48.36 19.89 97.32 N/A 98.45 101.65 90.17 0.77 70.28 141.30

19.32 0.25 48.30 19.95 104.24 WA 105.68 109.67 95.86 0.77 75.92 167.63
19.30 0.23 48.30 19.95 116.64 WA 117.68 122.40 106.53 0.77 86.58 195.03

CHF 208.73

19.28 0.35 67.99 -0.06 19.56 WA 19.63 19.80 18.40 0.76 18.46 20.42
19.30 0.30 67.91 0.02 37.99 WA 38.21 38.35 35.61 0.76 35.60 41.31

19.34 0.29 68.24 -0.31 57.76 WA 58.14 58.12 54.09 0.76 54.40 63.29
19.28 0.28 68.06 -0.13 73.53 WA 74.17 74.61 68.69 0.76 68.82 86.36
19.22 0.27 68.15 .0.22 81.81 WA 82.71 84.21 75.78 0.76 76.00 112.71

19.23 0.34 68.13 -0.20 92.40 WA 93.62 96.08 85.02 0.76 85.23 142.34

19.23 0.28 68.04 -0.11 102.19 WA 103.69 107.10 93.18 0.76 93.29 176.34

19.22 0.35 67.95 -0.02 111.81 WA 113.49 118.23 101.02 0.76 101.04 212.59
19.18 0.34 68.26 -0.33 121.64 N/A 123.09 128.17 109.30 0.76 109.63 236.74

CHF 248.81

19.34 0.41 88.21 -20.21 12.21 11.95 12.15 N/A 10.06 0.74 30.27 31.83
19.27 0.37 88.31 -20.31 38.31 37.72 38.62 NA 34.11 0.74 54.43 63.66

19.20 0.34 88.13 -20.13 65.45 64.35 66.84 N/A 59.59 0.74 79.72 91.15

19.22 0.28 88.21 -20.21 77.72 76.34 79.56 WA 69.86 0.74 90.07 122.98

19.06 0.27 88.17 -20.17 86.95 85.29 89.61 WA 77.27 0.74 97.44 153.68

19.25 0.26 88.11 -20.11 96.18 93.89 99.17 WA 84.42 0.74 104.53 183.28
19.14 0.22 88.01 -20.01 102.83 100.17 105.98, WA 89.28 0.74 109.28 209.63

19.24 0.24 88.01 -20.01 111.86 108.88 115.42 WA 96.06 0.74 116.07 244.77

CHF 262.34

19.18 0.44 108.11 -40.21 28.36 27.68 28.67 WA 24.12 0.72 64.32 63.66

19.25 0.35 107.80 -39.90 67.90 66.59 69.46 WA 61.16 0.72 101.06 104.30

19.23 0.31 108.08 -40.18 81.72 79.93 83.72 WA 71.98 0.72 112.16 150.37

19.10 0.27 107.64 -39.74 93.06 90.79 95.96 WA 80.80 0.72 120.54 190.96
19.15 0.23 107.37 -39.47 103,66 100.82 107.13 WA 88.87 0.72 128.35 229.43

18.98 0.24 107.80 -39.90 113.16 109.88 116.71 WA 95.97 0.72 135.87 264.53

19.20 0.21 107.15 -39.25 124.47 120.54 127.90 WA 104.77 0.72 144.02 298.68

CHF 338.20

22.37 3.48 48.50 19.80 31.33 WA 31.46 31.90 30,27 2.31 10.47 21.59

22.36 3.44 48.31 19.99 43.40 N/A 43.70 44.41 41.14 2.31 21.16 43.53

22.23 3.32 48.34 19.96 55.70 WA 56.13 57.13 52.23 2.31 32.27 65.49

22.06 3.16 48.35 19.95 72.21 WA 72.83 74.62 67.09 2.31 47.13 97.36
21.88 2.95 48.38 19.92 82.65 WA 83.63 86.28 76.09 2.31 56.16 126.98

21.6 2.71 48.44 19.86 91.99 WA 93.40 97.51 83.90 2.31 64.04 163.19

21.47 2.52 48.42 19.88 100.02 N/A 102.07 107.46 90.40 2.31 70.52 200.49
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Table B.4 Continued.

PSIA PSID Tsub Tin TI T2 T3 T4 Tsurf Velocity Delta T Flux

21.47 2.52 48.39 19.91 108.25 N/A 110.85 117.90 97.04 2.31 77.14 238.91
21.17 2.07 48.55 19.75 115.69 WA 118.76 127.30 103.00 2.31 83.25 274.04

21.47 2.50 68.39 -0.13 33.40 32.73 34.44 N/A 29.44 2.31 29.57 63.64
21.22 2.22 68.72 -0.46 55.10 53.96 57.19 WA 48.67 2.31 49.14 105.41
20.96 2.01 68.40 -0.14 77.62 75.79 80.08 N/A 68.06 2.31 68.20 149-29
20.79 1.81 68.46 -0.20 89.39 87.15 92.64 WA 76.90 2.31 77.11 196.46

20.70 1.64 68.61 -0.35 98.67 95.97 102.50 WA 83.30 2.31 83.65 241.50
20.55 1.51 68.40 -0.14 106.96 103.81 111.52 WA 88.89 2.31 89.03 284.40
20.45 1.42 68.35 -0.09 114.50 110.87 119.60 WA 93.80 2.31 93.88 325.03
20.44 1.33 68.32 -0.06 122.02 117.95 127.92 N/A 98.72 2.31 98.78 366.77
20.39 1.32 68.40 -0.14 131.27 126.68 137.59 N/A 105.15 2.31 105.29 409.55
20.44 1.28 68.38 -0.12 146.11 140.92 151.52 N/A 116.93 2.31 117.06 449.05

CHF 468.80

21.98 3.22 87.91 -20.18 15.34 14.58 15.94 WA 11.25 2.24 31.43 63.65
21.74 2.89 87.93 .20.20 36.51 35.22 37.88 N/A 29.79 2.24 49.99 106.49
21.22 2.46 87.74 -20.01 61.48 59.41 64.37 N/A 51.87 2.24 71.88 150.35
20.85 2.14 87.92 -20.19 79.26 77.06 82.39 N/A 66.83 2.24 87.02 195.36
20.54 1.87 87.70 -19.97 91.73 88.90 95.69 N/A 76.54 2.24 96.52 238.19
20.35 1.70 87.99 -20.26 101.20 97.97 105.84 N/A 83.05 2.24 103.31 285.49

20.37 1.56 87.99 -20.26 109.89 106.22 115.31 N/A 88.92 2.24 109.18 330.51
20.28 1.46 88.02 -20.29 117.35 113.22 123.46 N/A 93.88 2.24 114.16 370.05
20.18 1.39 88.03 -20.30 126.49 121.78 133.26 N/A 99.82 2.24 120.12 419.46
20.09 1.33 87.90 -20.17 135.93 130.65 143.03 N/A 106.25 2.24 126.42 464.39

19.97 1.27 87.92 -20.19 150.18 144.22 156.23 N/A 117.36 2.24 137.54 503.95

22.32 3.51 108.17 -40.06 -18.77 1WA -18.77 -18.44 -20.52 2.10 19.54 30.38
22.38 3.46 108.31 -40.20 -0.32 N/A -0.03 1.21 -3.68 2.10 36.52 63.29
22.42 3.45 108.09 -39.98 19.82 N/A 20.48 22.23 14.73 2.10 54.71 97.36
22.43 3.48 108.06 -39.95 41.22 N/A 42.04 44.31 34.02 2.10 73.97 135.76

22.37 3.38 108.40 -40.29 60.30 N/A 61.81 64.81 51.48 2.10 91.77 171.99
22.33 3.35 108.21 -40.10 76.16 WA 77.22 81.03 65.49 2.10 10.59 201.58
22.33 3.35 108.28 40.17 90.90 N/A 92.54 97.85 78.40 2.10 118.57 243.32

22.15 3.16 107.99 -39.88 99.14 1WA 101.77 107.86 85.26 2.10 125.14 278.46

22.00 3.05 108.18 40.07 105.32 N/A 108.421 115.34 90.30 2.10 130.37 304.94

31.71 9.93 52.96 20.02 32.49 N/A 32.71 33.41 30.92 3.73 10.90 30.32
31.65 9.93 52.96 20.02 46.52 WA 47.07 48.42 43.37 3.73 23.35 62.17

31.58 9.86 53.16 19.82 59.10 WA 59.95 61.90 54.48 3.73 34.65 91.83

31.25 9.53 52.96 20.02 71.49 WA 72.26 75.24 65.24 3.73 45.21 121.47
30.75 9.07 53.10 19.88 85.07 N/A 86.30 89.94 77.07 3.73 57.18 157.68
30.17 8.47 53.10 19.88 96.45 N/A 98.24 103.29 86.51 3.73 66.64 200.48

29.32 7.60 53.22 19.76 107.20 N/A 109.40 116.07 95.07 3.73 75.31 246.62

28.13 6.48 53.48 19.50 116.58 WA 119.63 128.19 102.53 3.73 83.03 295.05

27.50 6.34 72.80 -0.33 27.39 26.54 28.56 WA 23.39 3.82 23.71 63.60
26.85 5.67 72.89 -0.42 46.56 45.10 48.89 1WA 39.76 3.82 40.18 109.74
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Table B.4 Continued.

PSIA PSID Taub Tin TI T2 T3 T4 Tsurf Velocity Delta T Flux

26.49 5.21 72.45 0.02 64.03 62.04 66.68 WA 54.32 3.82 54.30 151.44

25.97 4.68 72.63 -0.16 82.51 80.19 85.49 N/A 69.97 3.82 70.14 195.34

25.50 4.13 72.75 -0.28 95.55 92.79 99.34 WA 80.07 3.82 80.35 242.55

25.01 3.59 72.61 -0.14 113.82 110.33 121.45 WA 93.47 3.82 93.61 332.70

24.90 3.48 72.54 -0.07 121.93 118.06 127.991 WA 98.09 3.82 98.15 377.73

24.87 3.44 72.65 -0.18 130.02 125.72 136.831 WA 103.36 3.82 103.54 422.72

24.68 3.29 72.48 -0.01 137.12 132.56 144.531 WA 108.17 3.82 108.18 460.00

24.63 3.17 72.37 0.10 144.08 139.30 151.951 WA 112.74 3.82 112,64 498.46

29.74 8.71 93.18 -20.25 -4.68 N/A -4.69 -3.66 -6.34 3.53 13.91 31.41

30.14 9.10 93.17 -20.24 9.77 N/A 10.18 11.75 6.63 3.53 26.88 62.14

30.40 9.37 93.16 -20.23 25.53 WA 26.27 28.49 20.61 3.53 40.84 97.30

30.72 9.64 93.04 -20.11 41.26 WA 42.16 45.08 34.53 3.53 54.64 131.33

30.89 9.77 93.19 -20.26 58.20 WA 59.50 63.14 49.56 3.53 69.82 169.70

31.08 9.98 92.93 -20.00 74.67 WA 75.81 80.89 64.03 3.53 84.03 205.92

30.84 9.72 93.02 -20.09 87.74 N/A 89.58 95.74 75.49 3.53 95.58 244.37

30.12 9.00 93.17 -20.24 101.76 N/A 104.58 112.34 87.29 3.53 107.53 297.19

30.68 9.68 111.76 -40.04 -22.26 1WA -22.63 -22.25 -24.33 3.47 15.71 32.51

30.69 9.69 111.88 -40.16 -6.95 N/A -7.34 -6.20 -10.82 3.47 29.34 65.46

30.58 9.58 111.94 40.22 9.76 N/A 10.42 12.53 4.50 3.47 44.72 101.70

30.60 9.58 112.00 40.28 25.68 WA 26.72 29.68 18.72 3.47 58.99 136.84

30.58 9.55 111.87 -40.15 43.10 WA 44.60 48.51 34.31 3.47 74.46 175.22

30.50 9.48 111.69 -39.97 60.70 N/A 62.15 67.08 49.66 3.47 89.64 214.77

30.48 9.41 111.69 -39.97 80.19 WA 81.78 88.46 66.87 3.47 106.84 260.84

1 30.33 9.24 111.51 -39.79 92.93 1WA 95.35 102.97 78.09 3.47 117.88 298.31
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Table B.5 Critical heat flux data for equal-jet pattern.

PSIA PSID Taub Tin TI T2 T3 T4 Tsurf Velocity Delta T Flux

22.29 1.35 52.14 19.64 34.30 33.02 33.29 N/A 32.36 1.12 12.72 20.86
22.52 1.39 51.87 19.86 69.33 66.03 66.82 N/A 64.52 1.12 44.66 71.32
22.38 1.39 51.88 19.83 83.29 78.15 78.93 N/A 76.41 1.12 56.58 98.79
22.53 1.45 51.88 19.82 92.47 85.54 86.33 N/A 83.60 1.12 63.79 121.83
22.55 1.36 51.82 19.85 104.50 94.61 95.68 N/A 92.30 1.12 72.46 156.93
22.43 1.28 51.69 19.94 117.63 103.76 105.24 N/A 101.39 1.12 81.45 193.14
22.50 1.40 51.52 20.09 126.57 109.93 111.72 N/A 107.43 1.12 87.33 219.53
22.38 1.33 51.46 20.13 136.00 116.67 118.94 N/A 113.89 1.12 93.76 248.09
22.56 1.54 51.40 20.17 147.17 124.66 127.16 N/A 121.62 1.12 101.45 276.61

CHF 290.87

22.23 1.37 72.48 -0.60 15.70 15.60 15.80 N/A 14.62 1.10 15.22 21.72
22.39 1.35 72.33 -0.48 32.80 33.00 33.30 N/A 30.65 1.10 31.13 48.10
22.44 1.46 72.30 -0.47 49.70 49.60 50.40 N/A 46.39 1.10 46.86 72.27
22.68 1.68 72.16 -0.35 67.00 66.70 67.86 N/A 62.39 1.10 62.74 97.60
22.40 1.58 72.11 -0.32 81.70 81.30 82.50 N/A 75.64 1.10 75.96 125.02
22.60 1.47 71.87 -0.11 90.10 89.60 91.00 N/A 82.52 1.10 82.62 155.77
22.56 1.46 72.05 -0.32 99.80 99.00 100.80 N/A 90.13 1.10 90.45 197.48
22.48 1.51 72.12 -0.43 108.60 107.80 110.20 N/A 98.03 1.10 98.46 242.51

CHF 22.51 1.46 72.25 -0.59 124.00 123.20 126.40 WA 109.80 1.10 110.39 284.32

_ _305.22

22.44 1.36 92.17 -20.46 -4.65 -4.03 -4.49 N/A -5.40 1.06 15.06 19.51
22.37 1.35 92.12 -20.43 14.79 15.63 15.22 WA 12.79 1.06 33.22 47.01
22.40 1.43 91.98 -20.31 32.66 33.36 33.39 N/A 29.37 1.06 49.69 73.36
22.19 1.34 92.11 -20.45 49.60 49.30 50.40 N/A 44.95 1.06 65.41 95.42

22.46 1.54 91.95 -20.31 66.10 65.90 67.10 N/A 60.34 1.06 80.65 122.50
22.30 1.17 91.96 -20.36 82.60 82.60 84.10 N/A 75.33 1.06 95.69 157.99
22.50 1.58 92.07 -20.50 94.40 94.20 96.20 N/A 85.22 1.06 105.72 197.51
22.25 1.41 92.19 -20.66 105.90 105.30 107.60 N/A 93.67 1.06 114.33 243.62

22.41 1.56 92.03 -20.53 117.20 116.70 119.70 N/A 103.01 1.06 123.54 287.70
22.65 1.54 92.09 -20.62 131.00 130.80 134.20 N/A 115.43 1.06 136.05 321.75

338.78
CHF

22.70 1.27 107.74 -41.09 -1.06 -1.08 -0.71 N/A -3.32 1.02 37.77 48.14
22.08 1.11 107.73 40.34 31.45 30.95 32.40 N/A 27.05 1.02 67.39 94.34

21.78 0.94 107.55 -40.32 70.42 69.98 71.48 N/A 63.24 1.02 103.56 156.89
21.59 0.83 107.80 -39.89 88.30 87.84 89.46 WA 77.79 1.02 117.68 234.86
21,4 0.78 107.86 -39.89 99.89 99.10 101.22 N/A 86.83 1.02 126.72 292.09
21.55 0.81 107.58 -39.92 108.51 107.28 110.25 N/A 93.75 1.02 133.67 331.62
21.65 0.87 107.57 -39.87 117.02 115.52 119.36 N/A 100.79 1.02 140.66 366.78
21.83 0.93 107.38 -39.23 132.02 129.32 132.78 N/A 110.27 1.02 149.50 404.11

CHF 422.78
26.80 5.58 52.63 19.37 43.46 42.35 42.65 N/A 39.98 2.20 20.60 47.20
26.90 5.78 52.41 19.59 68.05 66.41 67.06 N/A 61.49 2.20 41.90 94.44

26.98 6.05 52.35 19.65 88.41 84.83 85.61 WA 77.43 2.20 57.79 143.79

Boiling and Two-Phase Flow Laboratory



148

Table B.5 Continued.

PSIA PSID Taub Tin T1 T2 T3 T4 Tsurf Velocity Delta T Flux

27.15 6.15 52.43 19.57 106.40 99.36 100.10 N/A 89.75 2.20 70.18 193.17
27.38 6.36 52.32 19.68 122.02 111.63 112.83 N/A 99.96 2.20 80.28 241.49
27.64 6.53 52.27 19.73 138.28 123.75 125.58 N/A 110.25 2.20 90.52 289.63
27.81 6.60 52.22 19.78 154.25 136.07 138.73 N/A 120.27 2.20 100.49 345.89
27.83 6.77 52.08 19.92 167.13 145.92 148.98 N/A 126.73 2.20 106.81 387.63
27.65 6.53 52.17 19.83 174.30 154.99 158.09 N/A 133.09 2.20 113.26 424.91
27.80 6.72 52.21 19.79 178.01 168.80 171.72 N/A 142.35 2.20 122.56 464.39

CHF 484.13

25.73 4.80 72.13 -0.24 26.83 23.36 23.85 N/A 21.51 2.12 21.76 45.01
25.85 4.85 71.89 0.00 56.46 49.39 50.25 N/A 45.25 2.12 45.25 97.72
25.87 4.87 72.14 -0.25 81.36 73.80 74.91 WA 68.17 2.12 68.42 144.89
26.30 5.18 71.54 0.35 101.47 90.29 91.34 N/A 82.73 2.12 82.39 194.27
26.39 5.29 72.11 -0.22 117.66 102.27 103.41 N/A 93.34 2.12 93.56 242.61
26.50 5.40 71.89 0.00 133.19 113.82 115.38 N/A 104.05 2.12 104.05 294.31
26.60 5.46 72.10 -0.21 147.49 124.33 126.31 WA 113.03 2.12 113.24 340.41
26.64 5.61 71.81 0.08 164.84 137.26 139.92 N/A 120.96 2.12 120.88 393.12
26.62 5.64 71.80 0.09 164.99 147.25 150.09 N/A 129.15 2.12 129.06 435.89
27.02 5.90 71.73 0.16 165.18 155.40 158.28 N/A 134.34 2.12 134.18 467.70
27.02 5.94 71.48 0.41 182.34 166.75 170.09 N/A 144.70 2.12 144.29 512.74

CHF 555.56

24.20 3.18 91.64 -20.42 37.65 36.65 37.26 N/A 32.12 2.00 52.54 98.70
24.70 3.75 91.56 -20.34 64.60 62.63 64.11 N/A 55.75 2.00 76.10 156.86
24.85 4.07 91.39 -20.17 94.89 91.37 92.95 N/A 79.75 2.00 99.93 256.76
24.98 4.27 91.55 -20.33 105.22 100.84 102.79 WA 87.28 2.00 107.61 301.89
25.01 4.33 90.93 -19.71 116.38 110.89 113.60 N/A 95.35 2.00 115.06 352.41

24.89 4.17 91.61 -20.39 129.00 122.62 125.96 N/A 104.88 2.00 125.27 405.11
25.10 4.36 91.51 -20.29 141.36 134.05 137.78 N/A 114.29 2.00 134.58 452.32
25.05 4.37 91.49 -20.27 159.26 150.72 155.10 N/A 128.50 2.00 148.77 511.62
25.15 4.35 91.46 -20.24 182.11 172.46 176.93 N/A 148.32 2.00 168.56 554.43

CHF 575.83

24.20 3.18 112.06 -40.81 12.09 11.11 11.67 N/A 6.55 2.00 47.36 98.66
24.70 3.75 111.99 -40.74 60.96 58.77 59.97 N/A 49.51 2.00 90.25 201.81
24.85 4.07 111.65 -40.40 95.34 91.61 93.23 N/A 77.81 2.00 118.21 300.79
24.98 4.27 111.59 -40.34 121.87 115.20 117.75 N/A 96.85 2.00 137.19 410.60
25.01 4.33 111.59 -40.34 138.63 131.13 134.40 N/A 112.35 2.00 152.69 473.16
24.89 4.17 111.62 -40.37 150.67 142.40 145.99 WA 121.83 2.00 162.20 516.00
25.10 4.36 111.50 -40.25 165.83 156.59 160.88 N/A 134.11 2.00 174.37 567.71
25.05 4.37 111.71 -40.46 184.68 173.40 178.09 N/A 149.57 2.00 190.03 608.34

CHF 628.66

31.87 10.95 52.15 19.56 41.24 39.38 39.72 N/A 37.51 3.10 17.95 47.22
31.92 10.95 52.27 19.44 61.15 59.32 60.03 WA 55.22 3.10 35.78 94.43
31.92 10.89 52.13 19.58 81.42 79.44 80.18 N/A 72.81 3.10 53.23 144.89
32.02 10.92 51.99 19.72 98.84 95.21 95.95 N/A 86.33 3.10 66.61 195.36
32.00 10.96 52.08 19.63 112.92 107.70 108.75 N/A 96.77 3.10 77.14 244.78
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Table B.5 Continued.

PSIA PSID Taub Tin Tl T2 T3 T4 Tsurf Velocity Delta T Flux

32.27 11.22 51.95 19.76 128,07 120.75 122.27 N/A 107.84 3.10 88.08 296.48
32.48 11.33 51.76 19.95 141.54 132.41 134.94 N/A 117.90 3.10 97.95 344.77

32.54 11.68 52.08 19.63 155.82 144.34 146.82 WA 127.58 3.10 107.96 397.49

32.39 11.59 51.80 19.91 161.88 153.91 156.96 N/A 134.33 3.10 114.42 444.65

1 32.48 11.42 51.70 20.01 173.46 165.20 168.66 N/A 143.37 3.10 123.36 492.93

1 32.18 11.08 51.75 19.96 186.21 176.61 180.74 N/A 152.74 3.10 132.78 545.65

31.40 10.47 51.94 19.77 195.33 185.02 189.30 N/A 159.57 3.10 139.80 580.88

CHF 598.50

29.72 8.85 72.16 -0.37 8.65 9.54 8.75 N/A 7.89 2.95 8.26 21.70
30.04 9.14 72.18 -0.39 19.29 20.22 19.64 N/A 17.65 2.95 18.04 46.99
30.24 9.39 71.97 -0.18 29.71 30.61 30.27 WA 26.60 2.95 26.77 72.25

30.62 9.81 71.92 -0.13 39.23 40.16 39.96 WA 35.38 2.95 35.51 95.36

31.55 10.M 71.95 -0.16 63.30 64.37 64.43 N/A 56.54 2.95 56.69 153.54
31.93 11.07 72.04 -0.25 82.11 83.13 83.50 N/A 72.74 2.95 73.00 207.34

32.12 11.29 72.04 -0.25 97.49 96.56 97.62 WA 84.20 2.95 84.45 257.89
31.84 10.97 71.84 -0.05 107.44 106.25 107.87 N/A 91.32 2.95 91.37 312.90
31.30 10.38 72.02 -0.23 113.91 113.35 116.39 N/A 96.65 2.95 96.88 359.04

30.86 9.92 72.04 -0.25 122.22 120.47 125.48 WA 102.46 2.95 102.71 408.43

30.89 9.71 71.98 -0.19 130.93 129.20 134.89 N/A 109.19 2.95 109.38 454.53
30.98 9.90 71.97 -0.18 135.36 133.86 139.68 N/A 112.63 2.95 112.81 478.68

27.80 6.65 72.17 -0.38 139.27 137.15 143.75 N/A 115.04 2.95 115.42 506,10

27.85 6.62 71.91 -0.12 146.77 144.51 150.15 WA 119.70 2.95 119.82 550.02

27.92 6.58 72.27 -0.48 154.32 152.07 159.29 N/A 126.14 2.95 126.61 587.47
28.10 6.70 72.24 -0.45 160.46 157.89 163.57 N/A 129.06 2.95 129.51 630.27
28.01 6.53 72.18 -0.39 169.82 170.54 175.65 N/A 138.30 2.95 138.69 678.61
26.14 6.93 73.20 -1.41 185.94 183.63 192,84 N/A 151.76 2.95 153.16 723.50

CHF 745.94

25.09 3.97 91.40 -20.83 21.04 20.41 20.95 N/A 16.46 2.97 37.29 93.24

28.09 7.15 91.30 -20.73 47.31 46.19 47.13 WA 38.82 2.97 59.54 157.99
28.18 7.23 91.24 -20.67 67.60 65.99 66.92 N/A 56.19 2.97 76.86 207.41

28.28 7.34 91.14 -20.57 95.05 93.06 94.28 N/A 78.26 2.97 98.83 309.68

30.73 11.68 91.02 -20.45 108.16 103.82 105.08 N/A 86.87 2.97 107.32 361.34

29.97 9.16 91.03 -20.46 115.53 111.85 113.27 N/A 92.61 2.97 113.07 405.20

31.12 10.72 91.24 -20.67 131.74 125.23 128.67 N/A 104.65 2.97 125.32 462.29

30.80 10.78 91.08 -20.51 148.37 140.01 145.01 N/A 117.77 2.97 138.28 517.22
29.45 9.15 91.04 -20.47 166.46 157.14 161.57 N/A 132.12 2.97 152.59 570.01

29.54 8.78 90.99 -20.42 176.92 166.95 171.60 N/A 139.75 2.97 160.17 617.20

29.40 9.20 91.27 -20.70 185.54 174.14 178.72 N/A 145.24 2.97 165.94 655.56

27.88 8.10 91.40 -20.83 201.76 189.24 195.27 N/A 158.38 2.97 179.21 712.60

28.07 8.57 91.15 -20.58 212.30 199.21 207.08 N/A 167.87 2.97 188.45 742.24

CHF 757.06

49.71 28.50 52.55 19.69 37.38 36.00 36.39 WA 34.27 4.90 14.58 46.09
49.75 28.55 52.59 19.65 55.22 53.76 54.48 WA 49.94 4.90 30.29 94.43

49.98 28.74 52.85 19.39 73.61 71.24 72.53 WA 65.51 4.90 46.12 146.00

50.38 29.11 52.81 19.43 90.59 85.97 87.43 WA 78.51 4.90 59.09 194.23
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Table B.5 Continued.

PSIA PSID Taub Tin T1 T2 T3 T4 Tsurf Velocity Delta T Flux
50.20 28.93 52.68 19.56 110.70 99.75 101.38 WA 92.28 4.90 72.72 240.38
50.38 29.08 52.61 19.63 125.19 113.05 114.89 WA 103.68 4.90 84.05 293.21
50.38 29.08 52.70 19.54 139.26 125.22 127.29 WA 111.63 4.90 92.09 341.50
50.48 29.21 52.76 19.48 152.32 136,06 138.49 WA 120.85 4.90 101.37 385.43
52.00 30.73 52.55 19.69 166.16 146.56 149.70 WA 129.91 4.90 110.21 433.69
53.08 31.78 52.59 19.65 176.83 154.67 158.17 WA 136.81 4.90 117.15 470.98
53.00 31.70 52.60 19.64 181.56 164.39 168.23 N/A 143.29 4.90 123.65 518.23
52.89 31.66 52.59 19.65 195.89 173.48 177.92 WA 151.42 4.90 131.77 563.26
50.82 29.42 52.69 19.55 200.01 188.60 194.71 WA 160.97 4.90 141.42 645.71
48.82 27.39 52.64 19.60 208.27 196.29 202.15 WA 166.19 4.90 146.59 693.98
47.40 26.03 52.49 19.75 216.19 203.72 209.37 WA 171.65 4.90 151.90 732.35
44.42 23.03 52.43 19.81 222.55 210.72 215.31 WA 176.20 4.90 156.39 767.45

CHF 785.00

42.20 20.86 72.77 -0.31 15.36 16.24 15.79 WA 13.50 4.72 13.80 45.88
43.24 21.98 72.76 -0.30 32.67 33.55 33.38 WA 28.37 4.72 28.67 96.42
44.64 72.83 72.83 -0.37 53.45 54.25 54.53 WA 46.28 4.72 4665 155.71
46.54 25.32 73.09 -0.63 71.41 72.29 73.01 WA 62.00 4.72 62.62 205.14
47.45 25.52 72.32 0.14 86.46 87.33 88.46 WA 74.50 4.72 74.36 258.97
47.47 26.34 72.89 -0.43 97.98 98.38 100.44 WA 83.58 4.72 84.01 308.52
47.10 25.86 72.89 -0.43 108.65 107.13 111.58 WA 91.44 4.72 91.87 356.85
45.38 24.11 72.87 -0.41 114.77 115.29 118.18 WA 95.61 4.72 96.02 411.76
43.50 22.15 72.69 -0.23 121.95 122.35 125.81 WA 100.56 4.72 100.80 458.97
41.63 20.24 72.77 -0.31 131.17 129.24 135.29 WA 106.70 4.72 107.01 508.38
39.94 18.62 73.22 -0.76 139.17 137.31 143.75 WA 112.31 4.72 113.08 559.99
38.00 16.49 72.96 -0.50 147.78 145.84 153.74 WA 118.73 4.72 119.23 616.09
36.52 15.08 72.77 -0.31 155.78 154.08 161.401 WA 124.61 4.72 124.91 655.64
34.17 12.61 72.63 -0.17 162.66 160.25 169.25 WA 129.07 4.72 129.24 708.28
34.00 12.31 72.48 -0.02 171.46 169.28 178.41 WA 136.05 4.72 136.06 748.88
33.80 12.24 72.57 -0.11 176.65 174.71 184.38 N/A 140.35 4.72 140.46 775.23
33.52 11.90 72.89 -0.43 186.32 185.26 195.09 WA 148.68 4.72 149.11 816.94

CHF 837.79

42.93 21.99 28.33 -20.65 21.86 20.32 21.25 WA 15.83 4.71 36.48 103.06
42.80 22.07 27.81 -20.13 58.26 55.37 57.58 WA 46.75 4.71 66.87 201.81
43.56 22.60 28.01 -20.33 89.41 85.09 87.25 WA 71.56 4.71 91.90 302.97
43.58 22.65 27.80 -20.12 116.06 110.16 112.48 N/A 91.76 4.71 111.88 406.18
43.30 22.41 27.73 -20.05 140.68 133.24 136.09 WA 109.92 4.71 129.97 513.76
43.69 22.56 27.93 -20.25 162.96 153,94 157.32 WA 126.38 4.71 146.63 608.30
43.00 21.76 28.05 -20.37 188.67 176.91 181.42 WA 145.13 4.71 165.50 712.59
41.26 20.26 27.85 -20.17 201.44 188.27 194.22 WA 154.75 4.71 174.92 766.39
40.27 19.27 27.69 -20.01 212.03 198.00 205.87 N/A 162.92 4.71 182.93 819.08
38.04 16.99 28.22 -20.54 219.45 206.24 213.60 WA 167.99 4.71 188.53 873.02

CHF 899.99

42.26 19.28 95.73 -20.62 5.35 5.07 5.79 WA 1.63 5.70 22.25 72.20
44.55 21.55 95.65 -20.54 33.40 32.76 34.70 WA 25.74 5.70 46.29 158.96
45.72 22.81 95.49 -20.38 56.37 55.14 57.98 WA 45.04 5.70 65.42 230.38
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Table B.5 Continued.

PSIA PSIO Taub Tin T1 T2 T3 T4 Tsurf Velocity Delta T Flux

48.44 25.56 95.50 -20.39 78.96 77.86 80.45 N/A 63.79 5.70 84.18 305.20
49.51 26.56 95.46 -20.35 98.95 97.17 101.87 N/A 80.42 5.70 100.78 380.98

49.00 26.08 95.39 -20.28 114.24 112.07 117.49 N/A 92.01 5.70 112.29 454.51
47.39 24.39 95.50 -20.39 130.22 128.57 134.47 N/A 104.50 5.70 124.89 535.80
45.92 22.97 94.96 -19.85 144.10 141.68 149.00 N/A 114.65 5.70 134.50 610.58
44.05 20.92 95.20 -20.09 156.59 153.73 161.97 N/A 123.55 5.70 143.64 683.06
43.29 20.26 94.83 -19.72 165.03 162.67 171.11 N/A 129.80 5.70 149.52 735.73

42.34 19.27 95.85 -20.74 173.81 171.65 180.51 N/A 136.54 5.70 157.28 782.95
41.36 18.26 95.14 -20.03 181.39 180.44 188.47 N/A 142.48 5.70 162.51 825.76
41.55 18.07 95.37 -20.26 187.77 185.52 195.61 N/A 146.72 5.70 166.99 867.64
41.58 18.05 95.77 -20.66 197.46 190.51 199.25 WA 150.40 5.70 171.07 898.35

39.64 16.29 95.86 -20.75 201.64 200.32 209.98 N/A 157.38 5.70 178.13 940.79
39.34 15.99 96.30 -21.19 209.69 207.77 214.79 N/A 162.12 5.70 183.31 970.43
39.70 16.17 95.61 -20.50 211.85 214.83 221.46 N/A 167.11 5.70 187.61 987.96
39.70 16.25 95.61 -20.50 218.95 214.73 228.61 N/A 170.61 5.70 191.12 1016.49

39.51 15.99 95.63 -20.52 227.31 226.65 231.02 N/A 175.67 5.70 196.19 1043.94

39.57 15.15 96.13 -21.02 230.04 225.44 240.34 N/A 179.28 5.70 200.30 1068.09
CHF 1080.16

53.00 27.84 98.90 -20.88 12.04 12.86 WA N/A 7.59 6.50 28.47 95.23
53.29 28.17 98.86 -20.84 47.01 49.35 N/A N/A 37.71 6.50 58.55 205.03

54.10 29.28 98.85 -20.83 78.03 80.73 N/A N/A 63.80 6.50 84.63 305.10
55.03 30.51 98.67 -20.65 108.96 112.96 N/A N/A 90.17 6.50 110.82 407.24

56.82 32.34 98.73 -20.71 134.41 139.14 N/A N/A 110.49 6.50 131.20 514.84
57.18 32.61 98.85 -20.83 153.71 159.37 N/A N/A 125.20 6.50 146.03 613.75
56.17 31.28 98.61 -20.59 171.55 177.56 N/A N/A 138.28 6.50 158.88 710.39

55.29 29.91 98.63 -20.61 190.56 195.87 N/A N/A 151.45 6.50 172.06 817.96
54.17 28.32 98.65 -20.63 206.70 216.01 N/A N/A 164.67 6.50 185.29 914.37

52.63 26.79 99.09 -21.07 216.66 226.55 WA N/A 172.01 6.50 193.08 971.45

51.76 25.53 98.97 -20.95 228.10 238.66 N/A N/A 180.54 6.50 201.48 1035.07
51.11 24.94 99.18 -21.16 239.70 250.76 N/A N/A 190.20 6.50 211.36 1077.87

49.38 23.11 98.81 -20.79 245.72 256.52 N/A N/A 193.56 6.50 214.36 1127.35
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